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Synopsis. 
Within the field of millimetric RADAR mixer receiver 
protection, there exists a need to characterize and explain the 
behaviour of diode power samplers at 35 GHz. Such 
characterisation is important in being able to extend 
capability to higher frequencies, notably 94 GHz, to optimise 
performance and thereby fulfill more demanding specifications, 
and to improve production yields. No published data on this 
subject is known to exist. 
Specifically, this thesis seeks to allocate measured 
values to an equivalent circuit for a combined loop antenna, 
Schottky Barrier diode, co-axial line, frequency dependant 
lossy termination, and a simplified P. I. N. diode load. Using 
an HP8510B network analyser these measured values are obtained 
using a 4.666: 1 scaled model at 7.5 GHz for the antenna and 
line. Measured values for the Schottky diode were obtained 
using various techniques from d. c. to 22 GHz,. again with an 
HP8510B. 
Particular attention has been paid to reconciling diode 
and transmission line measured values with those predicted for 
this co-axially mounted 'seven dot chip' structure. In this 
application, the diode is often exposed to comparatively high 
powers and high junction voltages. Previous authors do not 
account for the increase of diode series resistance with high 
junction voltage; this is believed to be an unacceptable 
simplification in this context. 
Runge-Kutta analysis of the composite antenna, 
transmission line, and non-linear diode model has been used to 
equate modelled and practical 35 GHz characteristics for 
rectified current as a function of P. I. N. diode load, and 
input power. Sensitivity of the model to variations in most 
diode and line parameters has been evaluated. 
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Chapter 1 Introduction. 
1.1 Overview. 
This research programme was instigated as a result of 
shortcomings observed in the performance of a Schottky Barrier 
diode power sampler which forms an important part of a RADAR 
transmit-receive (TR) receiver protector operating at 35 GHz. 
The function of this receiver protector is to prevent high 
power r. f. reaching the RADAR receiver during transmission 
while offering a low insertion loss path during RADAR 
reception. The device which is the subject of this research is 
referred to as a "sniffer" diode, see figures 1.1,1.2. 
Principally it is used to enhance the behaviour of a solid 
state power limiter which in this design of receiver protector 
resides after a 35 GHz high power (20-50 kW peak) TR vacuum 
switch, see figure 1.3. 
The research programme commenced late 1982, at which time 
the receiver protector had been in production for five years - 
design had been largely empirical. Schottky failure rates were 
known to be quite high as was the associated production cost 
penalty. Other diodes were found not to fail but simply to 
give inadequate improvement in receiver protection. Several 
fundamental questions were raised concerning the operation of 
the "sniffer"; it was known that neither design documentation 
nor an explanation of its workings existed. Amongst others, 
the following points were pertinent: - 
1) No explanation was forthcoming as to why some 
I'sniffer" assemblies would function as required in the 
receiver protector, and why up to 25% would not. 
2) Although the performance of the best "sniffers" was 
good, it was not known what prevented these from operating with 
greater efficiency. 
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3) Inadequate improvement of 'spike' leakage (figure 1-4), 
raised the question of response time; i. e. could the Schottky 
assembly respond quickly enough to rectify the first half cycle 
of 35 GHz that impinged upon it. 
4) In considering rectification efficiency, it was not 
known what percentage of the incident 35 GHz would be rectified 
by the diode, or how much would propagate beyond the 'lossy' 
Eccosorb co-axial termination, see figures 1.1,1.2. 
5) There was no 'feel' for the importance of the 
dimensions of the loop antenna 
6) The mechanism by which 'tuning' was effected in 
production was not understood; it was not known whether 
"sniffer" effectiveness could be improved using a different 
tuning technique. 
7) It was not known whether an adequate safety margin 
existed within the receiver protector environment to prevent 
burnout of the Schottky 
8) Intuitively it was felt that rotational alignment of 
the loop antenna should be highly. significant,, this required 
clarification. 
9) There were likely applications for the "sniffer" in 
W-band, (75-110 GHz); it was not known whether the present 
sniffer format would be appropriate at 94 GHz. 
Recent communication with the production facility 
indicates that, even after a further six years, the same 
performance and yield problems exist. Indeed, from time to 
time, more serious yield problems had been experienced, when no 
Schottky assemblies at all could be made that would enable 
receiver protectors to be manufactured to specification. 
Additionally, a recent customer driven requirement to extend up 
to 94 GHz has not been fulfilled because a design for operation 
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at this frequency could not be realised. 
There is still, therefore, a strong motivation to develop 
an understanding of, and computer modelling for this microwave 
circuit. 
The thesis is structured as below, each chapter has a 
summary and a bibliography. 
Chapter 2 describes most aspects of the background that 
lead to this research being necessary. It comments upon the 
application for the host receiver protector, the basics of 
receiver protection, extensions to millimetric frequencies, 
primarily 35 GHz, why a "sniffer" is required and the 
enhancements that should result from it's inclusion. 
Chapter 3 is an overall literature survey covering each of 
the three major areas the research has followed. These are: - 
Antenna, transmission line & diode structures. 
This section describes papers on microwave to d. c. energy 
conversion, and lists some references concerning co-axial line, 
transmission line, and lossy dielectrics. 
Techniques for non-linear analysis. 
Several classic papers are covered here. Three means of 
non-linear analysis are mentioned, 
Time domain using Runge-Kutta. 
Time domain using Laplace Transforms. 
Time/frequency domain using Harmonic Balance. 
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Techniques for evaluating diode parameters. 
This section reviews several papers the general purpose of 
which is to attribute theoretical and practical values to 
certain semiconductor parameters. In the field of microwave or 
millimetric mixers for instance, series resistance, junction 
capacitance, junction conductance, ideality factor, etc, are 
all pertinent to conversion loss and noise figure. Various 
techniques are discussed for de-embedding equivalent circuit 
elements for linear and non-linear diode parameters from linear 
parasitics. 
Chapter 4 Describes the physical structure and microwave 
parameters relating to the Schottky assembly, that is, 
permeability, permittivityg conductivity, loss factors, etc. 
Practical measurements at 35 GHz of output voltage, efficiency, 
and a tentative estimate of source resistance are described. 
The theory required to predict performance of this 
multi-section co-axial line is detailed, along with comments on 
theoretical statements made by the manufacturer of the lossy 
dielectric. Having developed a model of the line, its computed 
input impedance at 7.5 GHz as a function of line length is 
compared with practical results for a 4.6666: 1 scale model, 
constructed in APC-7 and measured using a Hewlett Packard 8510B 
vector network analyser. Reference to figure 1.2 shows that 
the line outside diameter is only 2.35 mm; it was not thought 
practicable to measure S11 in any other way than scale 
modelling. Agreement is shown to be encouraging, and within 
the bounds of extrapolation of the lossy material response from 
IS GHz to 35 GHz, the computer model is used to predict input 
impedance of the co-axial line at 35 GHz. 
The coupling loop antenna is also modelled at scale size 
and frequency of 4.6666: 1. Bearing in mind the size of the 35 
GHz "sniffer" assembly, it was not thought practicable to 
measure the antenna performance in any other way than scale 
modelling. In view of the fact that there are no lossy 
elements within the antenna structure it was concluded that the 
Page 6 
measured input impedance of a 4.6666: 1 model at 7.5 GHz would 
translate directly to that of a 1: 1 model at 35 GHz. 
Additionally, coupling factor of the waveguide to loop antenna, 
as a function of insertion depth, rotation, and frequency was 
documented on the HP8510B. All of these figures were combined 
to form an equivalent circuit of the transmission line, to 
include antenna coupling factor where the variable transmission 
line input impedance forms a load for the Schottky diode. 
Chapter 5 has been used to describe the diode structure, a 
series of practical measurements on ten or so samples at up to 
22 GHz, and the development of a computer model. 
The desire to understand the importance of each diode 
parameter and to derive a computer model meant that several 
different test techniques were required. Having acquired 
theoretical expressions for junction capacitance and 
conductance, 'series resistance, and overlay capacitance, etc, 
it became apparent that little published data existed 
concerning Schottky barrier diodes in high r. f. drive 
situations. In particular, the extreme non-linearity of series 
resistance and junction capacitance at high bias levels were 
believed to influence rectification efficiency and high 
frequency capability. Traditional de-embedding techniques are 
shown to be inadequate for junction voltages that approach the 
barrier potential; this leads to a microstrip/vector analyser 
technique being used at 22 GHz. Series resistance, overlay 
capacitance, and junction dimensions are shown to be important 
considerations in high r. f. power millimetric: applications. 
Finally, input impedance of the packaged diode computer 
model for a range of diode terminal voltage is overlaid onto 
the practical HP8510B Smithcharts for a specific diodel over 
the frequency range 2-22 GHz. In this way, all of the diode 
parameters can be varied in the computer model until an optimal 
fit between measured and practical response is achieved. Using 
this comparatively high frequency should enable junction 
capacitive reactance to be de-embedded from the parallel 
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junction conductance, even under conditions of high forward 
bias. 
Chapter 6 deals with the non-linear analysis aspects of 
this research. Starting with a simplified diode core, the 
analysis of other researchers has in the first instance been 
validated and then taken several stages further. This has 
enabled more thorough conclusions to be drawn concerning some 
aspects of reported non-linear diode behaviour. Once the 
process has been established the possibility of other forms of 
non-linear analysis are reviewed. 
Adding one group of components at a time to the diode core 
has enabled the significance of each part of the "sniffer, 
model to be established. For instance, to the diode core are 
added in turn, 
a) Package capacitance. 
b) length dependant transmission line input impedance. 
c) Loop antenna impedance. 
d) d. c. bypass inductor and simulated P. I. N. load 
Where the d. c. bypass enables simulation of limiter diode 
d. c. current. Using model d) the d. c. voltage, current, 
efficiency, power dissipation, and junction voltage for 35 GHz 
excitation can be studied. The effects on these of all major 
parameters such as co-axial line length, and overlay 
capacitance will be shown. Finally, a comparison of measured 
and computed "sniffer" d. c. output into various d. c. 
terminations with 35 GHz excitation will be made. 
Chapter 7 concludes the thesis with a detailed review of 
practical and theoretical findings from chapters 49 5, and 6. 
Particular emphasis has been given to the practical 
implications of all the information gained as a result of this 
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research, since the programme was driven by needs for 
improvement in yield, technical performance, and a design that 
would be realisable at higher frequencies. 
Appendices I to 6 record mathematical symbolss published 
work, and software listings, as detailed below: - 
Appendix I is a full listing of each symbol used as a part 
of all the equations from chapters 1 to 6. 
Appendix 2 shows a reprint of a paper presented at an 
I. E. E. Colloquium on Modelling & Analysis of Circuits and 
Devices. This paper covered early findings from this research 
programme. 
Appendices 3-6 are listings of the four most significant 
computer programs which have been used to calculate: - 
Co-axial line characteristics as a function of all primary 
and secondary parameters. 
Correlation between measured and theoretical input 
impedance of the Schottky diode to r. f. excitation over the 
frequency range 2- 22 GHz, for various levels of d. c. bias. 
Various non-linear waveforms associated with a general 
diode and its junction, using Runge-Kutta non-linear analysis. 
Non-linear power dissipation and Junction overshoot 
voltage waveforms etc, applicable to the MEDL DC15160 Schottky 
barrier diode, in its 35 GHz environment, including the 
complete embedding network as calculated during this research. 
1.2 Summary. 
In this section it has been established that there is a 
strong need, from several points of view, to gain an 
understanding of the functioning at 35 GHz, of this sampling 
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assembly. Many specific points have been raised concerning 
efficiency, failure rates, production yields, and applicability 
to higher frequency situations. The programme of work 
described within this thesis must by necessity include 
references to previous-publications, standard test methods, and 
classical diode equivalent' circuits. The purpose of the 
investigations which are described is to quantify an existing 
functioning component, and to characterise its performance and 
limitations. To this end the original research may be broadly 
summarized as below: 
1) The application of established analysis techniques to 
previously unresearched aspects of receiver protection. 
2) Assessment and characterisation of this specific 
component under high power 35 GHz excitation. 
3) Validation of capacitance and series resistance laws 
under exceptional bias conditions. 
4) Extension of De Loach to vector network analysis. 
5) Evaluation of Schottky barrier diode junction waveforms 
junction dissipation, at high power. 
6) Evaluation of reverse voltage breakdown, as a function 
of incident high power. 
7) Investigation of various potential diode failure modes. 
ED Proposals for improving the existing design, and 
extending-its usage to 94 GHz. 
Most importantly of all, since there is without doubt a 
lack of published data on this topic, it is believed that- this 
research- will contribute a set of engineering design rules to 
the 'industry; this will enable better understanding and 
improved design of future generations of receiver protectors. 
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Chapter 2 Background to the research programme. 
2.1 Introduction. 
The research programme described in subsequent chapters 
was instigated for a number of reasons. Firstly, when the 
related technology was developed in the early 1970's, 
millimetric RADAR was very much in its infancy and few 
specialized components, receiver protectors included, had been 
developed. Their development was led by demand from RADAR 
systems housesrather than component manufacturers; research 
and full understanding had therefore not been a priority. 
Secondly, in the early 1980's, second generation 
millimetric RADAR's were at their conception stage, and 
European system manufacturers were finding a need for new 
receiver protectors to meet their first generation 
requirements. The second generation systems were more 
demanding, whereas the new European markets were more 
competitive than in the U. K.; both of these meant more 
efficient designs were necessary. 
Thirdly, the mid 1980's saw millimetric RADARs operating 
not in '0'-band at 35 GHz but in 'V'-band to 'W'-band from 50 
to 94 GHz. The already difficult task of manufacturing 
semiconductor components at 35 GHz was compounded many times at 
94 GHz. Components developed for 35 GHz use would not scale to 
94 GHz and improved understanding would be essential to meet 
demand. In general terms then, this chapter will be used to 
describe which aspects of a typical pulsed RADAR system have 
determined the direction of the work undertaken during this 
research programme. In addition details will be given of 
receiver protection in general, and of the structure, 
principles, and overall characteristics of the 0- band 
receiver protector on which these investigations have been 
based. 
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2 Principles of RADAR receiver protection. 
The most fundamental configuration for a RADAR is that of 
figure 2.1. During transmission, pulsed r. f. microwave energy 
from a magnetron, klystron or T. W. T. propagates along the 
waveguide run and radiates from a horn or other antenna. This 
energy eventually impinges on a target and a proportion is 
reflected back to the antenna. The received signal will be 
many orders of magnitude below that transmitted. In order to 
guarantee perfect alignment between transmitted and received 
signals, as well as minimizing cost, weight and volume 
particularly for large, low frequency RADAR's, it is most often 
the case that a single antenna is used to transmit power in the 
order of kilo-Watts and receive power in the order of 
nano-Watts. Such a system is referred to as monostatic. Since 
this necessitates transmitted power sharing the same waveguide 
as mixers whose burnout level will be 10's of milliWatts, there 
exists a conflict relating to the survival of the receiver 
mixers. This conflict is resolved by a Transmit-Receive or TR 
device. This resides in the waveguide run on the r. f. input to 
the mixer. During transmission it offers a very high loss to 
incident r. f., preventing transmit power from reaching the 
mixer. During reception it offers a low loss path enabling the 
received signal to be down converted in the mixer. The TR can 
take many forms depending on RADAR parameters such as transmit 
power, noise figure, minimum range, operating frequency, and 
whether the RADAR is monopulse, polarimetric, etc. TR's may be 
realised as a series of externally switched PIN diodes across 
guide, a vacuumed plasma switch, or a combined 
vacuum/semiconductor arrangement. 
All are required to offer a low loss path to received 
signals and minimal leakage through to the receiver during 
transmission. Some are required to exhibit good input V. S. W. R. 
during reception (so as not to degrade, for instance, waveguide 
comparator performance in a monopulse system) and rapid switch 
on to high power r. f. In the RADAR system for which this 
receiver protector was developed, there is one additional, 
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important aspect. Extraneous radiation from other RADAR's 
could destroy the receiver even with the system inoperative. 
This means that the receiver protector has to function even 
with no d. c. bias applied. 
The most primitive form of TR is crossectioned in figure 
2.2. When high power r. f. propagates down the waveguide an 
associated electric field is established which is related to 
the mean power by the relationship, 
(E, m)O = (mean power)(4801IMab)(Aa/D 
where a and b are WG22 broadwall and narrow wall 
dimensions, and the guide is propagating TEI% 
A typical pulsed RADAR will transmit pulses of between 100 
nanoseconds and 10 microseconds duration, at a pulse repetition 
frequency of 500 Hz to 10 kHz. The mean power of each pulse 
will be typically I kW to I MW. For 1 kiloWatt pulses, in WG22 
at 35 GHz this equates to 273 volts/mm. In vacuum receiver 
protectors, this electric field is used to induce controlled 
breakdown within the waveguide; this causes an r. f. short 
circuit across the guide and a very high loss between 
transmitter and receiver. Greater protection is afforded by 
reducing the power required to cause waveguide breakdown. 
Breakdown may be enhanced in several ways: - 
2.2.1 Through the inclusion of conical tipped tuned 
inductive posts mid way across the waveguide broadwall, spaced 
Ag/4 or 3Ag/4 along the direction of propagation. These cause 
charge concentration at the cone tips, an effective increase in 
electric field, and hence a reduction in the power required for 
breakdown. 
2.2.2 The inclusion of a supply of free electrons in the 
form of a plasma discharge in the vicinity of the cone gap. 
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2.2.3 Backfilling of the vacuum with gases such as Argon, 
Krypton, or mixes such as Penning gas Ref 113. 
2.2.4 The inclusion of mildly radioactive gases such as 
tritium or solid radioactive cone tips such as Nickel 63. 
Despite the above measures, protection is not perfect and 
during transmission an amount of comparatively high power will 
emerge from the vacuum device. This high power leakage takes 
two forms; 
1) Spike Leakage, 
2) Flat Leakage, 
these are illustrated in figure 2.3. Spike leakage occurs 
as a result of less than instantaneous response of the second 
cone gap to the rapidly rising edge of the magnetron pulse. 
Flat leakage occurs once the magnetron power is sufficient to 
cause breakdown of the first cone gap or eventually the first 
hermetic window. As a consequence of incident high power no 
longer reaching the second gap, this is no longer a short 
circuit and an increase in leakage occurs after the end of the 
spike. In the case of millimetric mixer receivers the 
protection offered by these schemes is still inadequate. 
2.3 Special considerations for millimetric applications. 
Millimetric RADARS offer distinct advantages in terms of 
angular resolution (with corresponding immunity to jamming)s 
greater percent bandwidth capability, less chance of long range 
detection (covertness), also size and weight E2933. 
Millimetric r. f. power however is always at a premium. 
Atmospheric and waveguide losses at 'Q'-band (26 - 40GHz), and 
more so at 'W'-band (75 - 110 GHz) mean that waveguide 
hardware has to be optimised for efficiency, in order that 
noise figures and hence maximum range, etc., remain viable. 
Junction capacitance, and package parasitics which may be 
insignificant at 10 GHz cannot be tolerated in millimetric 
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mixers, and so diodes with ever smaller junctions and package 
parasitics have to be developed. These by definition are less 
able to survive high power and so the need for faster more 
effective receiver protection becomes evident, primarily to 
react more rapidly to spike leakage. To fulfill these needs, 
further faster stages of isolation from the transmitter are 
required. These will take the form of one or more 
semiconductor limiter stages placed after the vacuum device. 
The limiter is formed from a co-axially mounted packaged diodel 
a tuning screw and a choke isolated from waveguide earthq as 
described in figure 2.4. 
2.4 Structure of the Limiter. 
Through correct choice of post diameter and position, 
depth of diode recess, and protrusion of the contacting screw, 
the diode capacitance and package parasitics can be matched 
out. Thus, using inductance and capacitance of these waveguide 
posts, a low loss condition across the band can be achieved. 
This condition will apply for incident power of nominally 50 
mW. V C. W. If the incident power is increased then the diode 
conductance will increase causing the tuned circuit to mismatch 
and reflect incident power. Thus when spike leakage from the 
vacuum device impinges on the limiter diode, increased 
reflection can cause 15-17 dB of additional attenuation to the 
r. f. leakage. Although this system gives a substantial 
reduction in medium power leakage i. e. the spike leakage, it 
has little effect on the power level at which semiconductor 
attenuation begins to occur, principally because the limiter 
diode is not particularly sensitive. Figure 2.5 shows how a 
. sniffer' assembly can be incorporated into the limiter, 
thereby minimizing the power required for onset of attenuation. 
Its principle of operation is described below. 
2.5 Operation of the Sniffer Assembly. 
The inclusion of a sniffer allows incident r. f. power 
within the limiter waveguide to be intercepted by a loosely 
coupled loop, rectified, and supplied as a d. c. bias to the 
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limiter diode. The limiting process therefore no longer relies 
upon rectification within the relatively insensitive limiter 
diode, but on a highly sensitive Schottky detector/mixer diode. 
In practice the sniffer output voltage is maximised for fixed 
input power by adjustment of an Eccosorb load, (see figs 4.1 
and 4.2), to a position believed to yield a maximum standing 
wave at the diode junction. This process is highly empirical. 
Optimising the sniffer causes reduction of spike leakage 
firstly by virtue of providing attenuation at a lower incident 
power and also by virtue of increased d. c. drive current to 
the limiter diode. More importantly, it allows greatly 
increased attenuation for a minimal increase of waveguide 
insertion loss, typically 0.1 to 0.2 dB. Achieving the same 
degree of attenuation with only a limiter diode would require 
very close coupling of the limiter and a probable 2dB insertion 
loss increase. There is however a limit to the effectiveness 
of the sniffer in that too much sniffer coupling would 
eventually contribute to noise figure, and ultimately cause 
Schottky diode failure. 
Chapters 4,5, &6 will show how various analysis 
techniques have been applied to the sniffer assembly. This 
research is aimed at explaining how it works, how efficient it 
is, how it can be optimized, and which parameters are critical 
to its performance. 
2.6 Summary. 
Brief comments have been made here concerning some aspects 
of the recent history of millimetric RADAR, over the period 
1970 - 1988, together with an outline of some commercial 
justifications that have led to this research programme. In 
order that the complexities of this particular application may 
be fully appreciated, a review of receiver protection basics 
has been included. 
Particular emphasis has been placed on the needs of 
millimetric systems and of the mainly size induced difficulties 
that are encountered in this frequency band. Both the 
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structure of the device in question, as well as its intended 
mode of operation, and its limitations, have been detailed 
here. It has been pointed out that despite the intervening 
period throughout which this research has taken place, the 
problems of low yield, unsatisfactory performance, and diode 
failure due to burnout remain unsolved. These aspects together 
with the desire to implement a 'sniffer' design at 94 GHz, 
justify this research programme. 
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Chapter 3 Literature Survey. 
3.0 Introduction 
Despite several computer searches of this topic, few 
references or texts that are directly relevant, have been 
found. The literature that has been acquired relates to three 
specific areas, as detailed below. 
3.1 Antenna, transmission line & diode structures. 
3.1.1 Jakes, W. C., (1966) E13 
The subject of this paper is loosely related to the 
current research in that it seeks to analyse an antenna-PIN 
structure in waveguide, albeit WG4 at 960 MHz. The loop 
antenna is resonant being Ao in circumference, and is coupled 
into the waveguide narrow wall. It is essentially a waveguide 
to co-ax transition where the loop is resonant when closed and 
non-resonant when open circuit. PIN diodes are assembled into 
a stripline circuit located at a distance of 3A/4 away from the 
loop, which therefore resonates when the diode is reverse 
biased. Power coupled out of the resonating loop is dissipated 
in the PINs, for which Jakes uses a pure resistance at this 
frequency. A substantial part of this paper is aimed at 
realising expressions for coupling values at the dominant and 
higher order modes. For the purposes of this current research 
only the structure and the transforming network are of direct 
interest. 
3.1.2 Degenford, Baird, & Yamashita, (1965) E23. 
The need to improve detector efficiency, particularly at 
millimetric, frequencies, is acknowledged in this paper. Using 
a Silicon point contact diode chip, Degenford et al have 
developed a crude technique for sensing millimetric power with 
a diode chip free of package parasitics. It is used for 
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measurements at 70.8 GHz. This is achieved through mounting 
the diode chip onto the end of a tungsten wire, and contacting 
the sharpened end of a quarter wave coupling loop directly onto 
the semiconductor crystal. The crystal chip is first soldered 
onto one end of a 0.75 mm diameter tungsten wire, of 6.3 mm 
length; this forms the inner conductor of a co-axial structure. 
Electroformed copper is deposited onto the wire and chip, the 
whole assembly is then turned down to a diameter of 1 mm and 
insulation added. A second electroformed layer of 2.5 mm 
outside diameter is then deposited on top of the insulation, 
this forms the co-axial outer conductor. During 
electroforming, a 0.1 mm diameter hole is formed in the end 
plane of the co-axial outer for location of the coupling loop 
ground return. 
Only practical figures are given for this structure, no 
attempt has been made to derive a non-linear model. 
Comparisons with a standard packaged IN53 diode show a 
sensitivity increase from 230 to 640 mV/mW, and a tangential 
sensitivity increase of upto 6 dB. No data is recorded 
concerning the extent of package parasitics, it is not 
therefore possible to evaluate the effectiveness of the 
approach used by Degenford. 
3.1.3 Nahas, (1975) C33. 
This paper describes the computer analysis of a microwave 
to d. c. energy conversion system, intended to optimise a 
receiver-rectifier ground station for a 'satellited' high power 
source. The model comprises of a dipole antenna, filter, 
Schottky diode, and smoothing filter. 
Nahas uses conventional transmission line formats to model 
the links between antenna, filter, diode, and d. c. output 
except that no account is taken of line conductance, G. This 
may be a legitimate simplification but its omission has not 
been justified. Nahas has accounted for the frequency 
dependant skin effect by including a parallel combination LskI 
and Rsk2 in series with an resistor Rskl; the relevance of Rsk2 
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is not clear. The current research will confine itself to the 
format used by Ramo, Whinnery & Van Duzer, 143, which uses a 
series combination of frequency dependant resistance and 
internal inductance, designated Rs and Li respectively. Nahas 
uses these components to study harmonic responses, whereas the 
present research will be concerned only with responses to the 
fundanmental 35 GHz. 
The diode model proposed by Nahas incorporates four 
resistances, that is, 
lead resistance, 
contact series resistance, 
substrate series resistance, 
undepleted region series resistance. 
in addition to junction capacitance Cj, package inductance 
Lp, package capacitance, Cp and an ideal diode. It should be 
noted that Nahas uses the un-modified expression for charge 
stored in the junction capacitance in order to calculate 
junction voltage at each increment of time. The generally 
accepted equation for capacitance of a non-linear capacitor is 
dQ/dV, as derived by Cherry [203, and used by Sze E53, etc. 
Similarly, Nahas assumes that the index for junction 
capacitance is 0.5, this is not necessarily the case as it can 
be a function of depletion region width and therefore junction 
voltage. In higher frequency applications, the index is stated 
to be 0.33 E193. Again, in millimetric applications, the 
exponential characteristic for diode conductance should include 
ideality factor 'n', this is not accounted for here. The 
equation used by Nahas to describe total variation of diode 
resistance with junction voltage requires clarification. 
Nahas part legitimately freezes some diode parameters when 
junction voltage is negative, since Gi and Rs will vary 
minimally, although Ci may still vary with reverse bias unless 
the diode is a MOTT structure. This may enable explanations of 
reverse bias phenomena seen by Fleri & Cohen, [83, and in the 
present research. 
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3.1.4 Von Hippel, (1952) 163 & Chipman., (1969) 173. 
_ 
These standard texts have been used to develop the 
computer model of the lossy transmission line, as in chapter 5. 
3.2 Techniques for non-linear analysis. 
3.2.1 Fleri & Cohen, (1973) E83 
This paper is one of the first to acknowledge that the 
junction voltage appearing across a Schottky barrier mixer 
diode as a result of local oscillator excitation, will not be 
sinusoidal. Fleri & Cohen use fourth order Runge-Kutta 
analysis of coupled non-linear differential equations for three 
Schottky diode configurations of varying complexity. This 
material is therefore particularly relevant to the current 
research. Using a test frequency of 9.375 GHz this numerical 
technique has enabled them to plot the theoretical steady-state 
junction voltage waveform for an L. O. drive amplitude of 0.5 
volts and 0.75 volts peak. Their three diode models are: - 
Model 1: linear Ci, linear Rs. and Rsource. 
Model 2: as 1 but including non-linear Ci. 
Model 3: as 2 but to include linear Lp 
Where: - 
Ci is junction voltage capacitance, 
Rs is diode series resistance, 
Rsource is source impedance, 
Lp is diode package inductance. 
and each of the non-linear circuit elements are functions 
of junction voltage, Vj. Computed results for their model 1 
show that during the positive excursion of the L. O. sinusoid, 
junction voltage is clamped to nominally 0.7 volts for a 
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barrier height 0 of 0.9 volts, a series resistance of 8.5 ohms, 
and a source impedance of 50 ohms. During the negative 
excursion Vi equals -Vt. The inclusion of non-linear junction 
capacitance Cj = f(Vj) into their model 2 is shown to have no 
significant effect on Vj. Although this is not justified in 
the text, it is principally because of the low test frequency, 
the low series resistance and modest L. O. drive. As will be 
shown in chapter 6, because of the unavoidable tradeoff between 
Cj, Rs, and junction area, this is not so at 35 GHz. 
Model 3 includes what Fleri & Cohen refer to as contact 
inductance resulting from contacting the chip, it is usually 
included in the packaging bondwire inductance, Lp. It is shown 
by Fleri & Cohen, to have a very significant effect in two 
areas. Firstly, there is a negative junction voltage overshoot 
during the L. O. negative excursion which can be over twice the 
amplitude of the exciting sinusoid. Secondly, the period 
during which Vj >0 is >> t/2, i. e. there is distortion in the 
L. O. drive sinusoid. This will be certain to cause harmonic 
distortion at I. F., a consequent reduction in conversion 
efficiency, conversion loss, and noise figure. 
Fleri & Cohen validate their computer model in two ways. 
Firstly, because one cannot observe X-band waveforms, they use 
a 10,000: 1 lumped element scale model at 0.9375 MHz, enabling 
comparison of measured oscilloscope traces with those computed. 
Secondly, they incorporate a d. c. bypass inductor into the 
practical model and then measure rectified current, comparing 
this with the current calculated to be in the diode junction 
conductance, Gi as a function of the junction voltage waveform. 
Agreement is good, and this technique is used here as a 
starting point for the analysis in chapter 6. As in the Fleri 
model, only one source of excitation is used, this being 
equivalent to L. 0 drive only, without an r. f. signal. 
3.2.2 Held & Kerr, (1978). 193, [103 
This classic paper sets out to formulate a rugged analysis 
of Schottky barrier mixers, in terms of conversion loss and 
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noise performance. The authors refer in the first instance to 
Torrey & Whitmer E173, and state that more comprehensive 
analyses have been limited by difficulties in solving 
non-linear diode circuitry with linear embedding networks. 
Held & Kerr state that earlier investigators assumed a 
sinusoidal L. O. drive waveform, and took little account of 
parasitics, or non-linearities in Ci and Rs. Their solution 
however can solve both the large signal non-linearities as well 
as small signal linear circuits; it can accommodate any 
embedding network, for all harmonics, and can handle any law 
for Cj = f(Vj) and Rs. = f(Vi). 
Held & Kerr comment that the conventional form of diode 
equivalent circuit assumes series resistance is invariant with 
junction voltage Vi and with frequency, i. e. that under all 
conditions, it is equal to its d. c. value. In addition, even 
when Ci is acknowledged to be a function of Vj, the 
non-linearity function, 8 is generally assumed not to vary with 
Vi. In order to derive an authentic computer model for mixer 
performance, the authors introduce a voltage variable S. 
Regarding the non-linearity of Rs, three factors are stated as 
affecting the value, 
1) Heating at < 10 MHz excitation frequency. 
2) Skin effect. 
3) Epi - layer resistivity. 
They state that 1) can cause the d. c. characterisation of 
Rs to be -3 ohms in error (low) compared to its r. f. value, and 
2) can cause d. c. Rs to be low by 2-3 ohms compared to its 
value at 100 GHz. Surprisingly, they state that the effect of 
epi-layer resistivity will be negligible, they assume it to be 
zero. This was not found to be the case in the current 
research. With regard to junction capacitance, they state that 
millimetric junctions are so small that fringing effects have 
to be considered, and that 8 must therefore vary with Vi. 
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In part 2 of this paper, Held & Kerr state that there is 
no reason to believe that Cj will be a function of frequency, 
and that the effect of deep traps is not likely to be 
significant in these heavily doped diode types. Additionally, 
Rs measured at 100 GHz was stated to be -2 ohms larger than 
the d. c. value, excluding effects due to epi-layer resistivity. 
Other related papers are Torrey & Whitmer 1173, Egami 
[113, and Barber E123. 
3.2.3 Hicks & Khan, (1982). C133 
This paper details a generalised approach to the solution 
of microwave circuits containing non-linear elements, excited 
with a perfect sinusoid. It is especially valuable because of 
its rationalization of previous papers on this topic. 
Hicks & Khan state that analysis of non-linear elements 
embedded within a linear circuit can be performed through 
integration of the network equations. They add, however, that 
this technique becomes involved when the embedding network 
contains large numbers of components for instance in the study 
of harmonics. This limitation can be overcome through the use 
of 
a) time domain analysis, or, 
b) harmonic balance. 
The former technique encompasses the paper of Fleri & 
Cohen, although Hicks & Khan, state that their analysis uses 
only a resistive source impedance. Gwarek, [303, overcomes 
this through the inclusion of a lumped element network in 
series with a set of phased voltage sources, but at the expense 
of reliable convergence. The harmonic balance approach uses 
Fourier analysis for analysis of the linear circuitry, and time 
domain analysis for non-linear elements. The authors Egami, 
E113, Gupta & Lomax, 1143, and Kerr, [153, [383, use variants of 
this technique to overcome convergence limitations. Hicks & 
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Khan specifically investigate the problem of convergence in 
order to gain greater general understanding and competence in 
the technique. Hicks & Khan firstly sub divide their 
non-linear circuit into a source/linear/non-linear cascade. An 
estimate of the voltage driving into the non-linear network (as 
a function of frequency), is then made and a 128 point fourth 
order Runge-Kutta analysis enables computation of the 
corresponding current. 
Through the use of a fast Fourier Transform, the authors 
are able to iterate to near zero the difference between the 
non-linear circuit driving voltage (from the linear network), 
and the corresponding linear circuit drive voltage (from the 
non-linear circuit). Having determined this value Hicks & Khan 
then make an estimate of the subsequent voltage, 
(VKI- 
I) 
" 
using a 'conversion parameter', Pn and define an error 
magnification parameter factor for the N th harmonic component; 
this is a function of Pn and both the linear circuit and 
non-linear circuit input impedances as seen at their junction. 
This information is used to plot circles on an impedance ratio 
plane Wn defined by 
Wn = (linear network impedance at nNth harmonic) 
(non-linear network impedance at Nth harmonic) 
these are circles of radius 1/Pn. The value of Pn is 
found after plotting Wn for each harmonic which is of interest, 
and choosing Pn such that all the Wn points are centred within 
the circle. Pn may be changed as the iteration proceeds. 
Finally, Hicks & Khan use the technique to derive 
theoretical junction current and voltage waveforms for a 60 GHz 
waveguide mounted diode. The procedure was used in this 
instance to compute current rather than voltage owing to the 
large harmonic impedances resulting from the linear waveguide 
circuitry. The results presented will form a useful comparison 
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for the current research proramme. 
3.2.4 Garb & Fel. (1981). E163 
An unusual approach is used here in order to force the 
non-linear Kirchoff equations of a simplified Schottky model 
(Silayev [313), into a linear form. It is aimed at evaluating 
rectified current and detector sensitivity at 50 GHz in the 
presence of limited parasitics, for n harmonics of the r. f. 
source. This technique is unnecessarily involved, in that the 
loop currents and voltages are translated into Fourier series, 
then decomposed into infinite series of linear equations. This 
approach offers little physical appreciation of the research in 
question, and will not be pursued. 
3.2.5 Torrey and Whitmer, (1948). E173 
This is one of the earliest texts on crystal point contact 
rectifiers. It includes descriptions of, and gives a good 
insight into, the rectification process, the nature of crystal 
rectifiers, mixers, band theory, semiconductor-metal contacts, 
diode and diffusion theories, conversion loss, non-linearity, 
and parasitics, etc., from a late 1940's viewpoint. 
Torrey & Whitmer explain that in order to develop and 
improve crystal rectifiers, mixer performance must be able to 
be assessed from the viewpoint of diode equivalent circuit 
elements. They consider first the non-linear junction 
resistance, Ri, and then the effect of series resistance, Rs, 
junction capacitance, Cj, and voltage dependant junction 
capacitance. They describe the formation of a mixer admittance 
matrix, and they then use this to derive conversion loss etc., 
as a function of these non-linearities. 
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3.3 Techniques for evaluating diode parametbrs. 
3.3.1 Crowe & Mattauch, (1986). 1181 
This paper is concerned primarily with validating a new 
Schottky model for cryogenic operation, and with modifying our 
understanding of L. O. drive requirements for Schottkies in 
order to obtain optimum conversion loss. It is a mixer 
oriented paper and emphasizes effects of the dominant L. O. 
waveform as opposed to the r. f. signal input. As such section 
2 is highly relevant to the current research into high power 
excitation by a single source. 
Crowe & Mattauch draw attention to Siegel, Kerr, & Hwang, 
[323, and the classic papers of Held & Kerr, 19,103, which 
relate to conversion loss assessment in the presence of 
resident diode and mount parasitics, i. e. the technique of 
Harmonic Balance. Their Schottky model includes series 
resistance, Rs, and a multiplication factor for non-linear 
junction capacitance, Ci, of (1 + 3x/d), where x is the 
depletion layer width and d is the diode (presumed junction) 
diameter. This factor accounts for fringing capacitance 
associated with Ci, and was proposed by Copeland, 1253. It is 
stated that junction capacitance for Vj - Vfb is difficult to 
measure, Vfb being defined as the flat-band junction voltage 
where the depletion width is forward biased to zero width. In 
view of the potential in the current research for high forward 
bias, other comments by Crowe & Mattauch on flat-band operation 
are relevant. They state that when the flat-band state occurs, 
then junction resistance and capacitance cease to exist, and 
total diode junction resistance equals series resistance, Rs. 
Since Saleh, [333, showed that minimum conversion loss can only 
be achieved by driving the mixer diode hard between extremes of 
maximum and minimum resistance, then junction voltage must be 
allowed to exceed the flat-band condition for part of the L. O. 
cycle. In the application to receiver protection, the limiting 
factor will be shown to be destruction through excess power 
dissipation within Rs, or excess negative Vi. 
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Interestingly, Crowe & Mattauch make reference to the use 
of Laplace Transforms in deriving waveforms associated with 
non-linear components. The technique they report is to 
increment through one exciting sinusoid in 1000 steps, 
linearising Ci and Gj at each step. Using these linear values 
in a linear differential equation, they use Laplace Transforms 
to calculate a value for Vi which is then used to re-calculate 
Gi and Ci for the next increment of time. This technique was 
tried in the present research, but was deemed unreliable and 
inflexible. It is surprising that the authors have derived 
meaningful results. 
3.3.2 Akaike & Ohnishi. (1977). E193 
The authors use Runge-Kutta-Gill non-linear analysis to 
solve the non-linear differential loop equations of a 120 GHz 
upconverter based on an unpackaged Schottky Barrier diode. 
There are several significant comments within this paper that 
have a bearing on the current research. Firstly it is 
acknowledged that non-linear junction capacitance can 
contribute along with the dominant non-linear junction 
conductance, to upconversion efficiency. It follows that down 
conversion will be similarly affected, as will the sampling 
process under investigation in the present research. When 
consideration is given to the diode equivalent circuit, Akaike 
& Ohnishi state that the majority of series resistance 
originates within the Epi-layer. This is shown not to be the 
case in the present research, at zero bias, since the MOTT 
structure has a fully depleted Epi-layer even with zero 
junction voltage. As a result of this, and the structure of 
MEDL's DC15160 diode, their composite equivalent circuit is not 
sufficiently detailed for use here. It is however pointed out 
that the junction capacitance non-linearity factor 8 may not be 
assumed to be 0.5, and that it will vary with junction voltage. 
The diode used by Akaike & Ohnishi exhibits a8 of 0.31 firstly 
because of the presence and inclusion of strays, and more 
importantly because the depletion region increases in diameter 
with reduced forward bias. For the current research the second 
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point only applies, and an attempt has been made to measure 8. 
Chapter 5 shows that junction capacitance for a MOTT diode 
operated under reverse bias will not change substantially, and 
therefore the usual technique for evaluating 8 (Sze, Rhoderick 
15,343), will not work. The authors state that Rs, Co, and 8 
were all measured at 120 GHz, although their technique is not 
documented here. Regarding their junction waveforms, Akaike & 
Ohnishi state that likely negative excursions of junction 
voltage will determine the semiconductor impurity and epi-layer 
requirements. If the negative excursion exceeds the diode 
reverse breakdown, then avalanche breakdown will cause thermal 
destruction of the junction. Conversely, if the depletion 
layer is too wide then it will never fully deplete under 
reverse bias, and epi-layer resistance will degrade diode Q 
factor. In the MOTT structure this will not be so. 
3.3.3 Cherry, (1971). 1203 
This paper seeks to clarify the distinction between charge 
control capacitance dQ/dV, and the low frequency concept of 
capacitance. Using a parallel L, G, C model as an example, 
Cherry explains how the true terminal value of capacitance will 
not equate with the often quoted figure of partial dQ/dV when 
there exists a convection (steady state) current. Clearly in 
the current research, there will be convection current through 
junction conductance, Gj, when measuring Ci. Most, if not all 
references to Schottky Barrier diode theory, (Sze, [53, 
Chaffin, E353, etc) quote charge control capacitance as the 
correct form for predicting non-linear capacitance. 
Discrepancies noted between theoretical and measured Cj may be 
attributable in part to this, i. e. capacitance calculated 
using charge control is always greater than true capacitance. 
3.3.4 Morris & Hall, (1974). [213 
This paper details an experimental programme for assessing 
the survival of various mixer diodes to high power r. f. spikes, 
as seen with some forms of receiver protector. The r. f. power 
spikes at 16.2 GHz were of nominally 1.5 nsec base width and 30 
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watts peak amplitude. Diode incident power was viewed and 
adjusted using a calibrated attenuator and fast risetime 
oscilloscope: degradation in mixer performance was deemed to 
have occurred for a 1dB increase in noise figure. It is 
acknowledged that successive spike amplitudes vary randomly and 
some care has been taken to ensure that these variations in TR 
leakage, which are quite typical, are accounted for. The 
authors plot number of surviving diodes as a function of 
incident peak power upto 30 Wpk, for four types of diode. 
Additionally, they have plotted absorption of incident power, 
which is calculated from measurements of reflected power. 
General conclusions were that Silicon point contact was the 
most damage resistant, followed by Silicon Schottky, Pd-GaAs 
Schottky, the worst of all being Au-Ge GaAs Schottky. The 
extremes of survival power were 5-30 W peak for the Silicon 
point contact, down to 1-7 W peak for the Au-Ge GaAs Schottky. 
Since no correlation was found with power absorption, this 
might well confirm the generally held view that diodes in high 
power environments fail as a result of excess reverse voltage 
and not excess dissipated power. 
3.3.5 Pospieszalski & Weinreb, (1979). E223 
Using a model for a lossless reciprocal three port 
network, a waveguide mounted diode, and an adjustable 
backshort, the authors measure the effect of low level r. f. 
excitation on the diode d. c. bias current. They adjust both 
diode bias current and backshort position (susceptance), and 
then plot the change in rectified current, AI. as a function of 
both. After establishing which positions of short circuit 
yield &I=O, and which positions yield 50% of the maximum 
possible AI, it is possible to compute input admittance for the 
diode. This technique is shown to yield Ci for a range of bias 
currents measured at a test fmquency of 152.8 GHz. Junction 
capacitance is shown to vary from 5.3 fF to 14.5 fF for d. c. 
current between 5 microamps, and 1mA. When the two parameters, 
Vi and (1/Cj)O 
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are plotted, this yields a straight line, confirming the 
accepted law for Cj=f(Vj) for a Schottky junction. This 
technique seems to be useful and simple to implement for diodes 
that are designed into a variable backshort format. It's use 
at high frequencies may have overcome one of the limitations 
encountered with techniques such as De Loach [263, where 
shunting of the junction by forward conductance limits its 
usefulness. Whilst it has produced believable data for 
Cj=f(Vi), no account is taken of parasitic bondwire inductance 
It seems likely that limitations on its use as part of the 
current research would be the mechanical limitations of 
mounting a L. I. D. device into a backshort structure. It seems 
likely that this process has been developed for de-embedding 
waveguide mounted single ended mixer diodes, which would 
already normally reside behind a backshort. 
3.3.6 Goodman, (1963). 1233 
This detailed paper explains some of the limitations of 
the differential capacitance method for characterizing barrier 
height and doping density for Schottky barrier diodes. Section 
2 explains the limitations imposed by test equipment, test 
frequency, and the problems of de-embedding in the presence of 
high junction conductance, as covered in the present research. 
Additionally the effect of series resistance is dealt with, 
although the treatment uses a fixed value for Rs as opposed to 
one that varies non-linearly with Vi. Section 3 is used to 
explain the effects of trapping within the depletion layer; it 
is reported that samples in a darkened environment can continue 
to show a slow reduction in measured junction capacitance for a 
period of several days. This long term drift can however be 
prevented from affecting measurement accuracy providing the 
traps are filled before measurement, and are maintained full 
for the duration of testing. Filling of the traps is effected 
by temporarily hard forward biasing. Section 4 explains that 
the normal plane parallel plate capacitor assumption used for 
calculation of Ci omits errors caused by edge effects. Goodman 
states that edge effect can be calculated from consideration of 
the additional effective area at the semiconductor side of the 
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space charge region which will be p-nl/2 where p= contact 
perimeter and 1= space charge area depth. Goodman concludes 
therefore that edge effect capacitance will be, 
Cedge = CTvp/2 
where C is the permittivity of the semiconductor. This 
will be considered during assessment of the theoretical and 
practical figures for Ci as reported in chapter 4. Section 4 
of this paper notes also that the nominally straight line plot, 
Vi = 
frequently is concave. It is argued that this is a 
function of the variation of "effective contact area" as the 
space charge area changes. Goodman goes on to assemble an 
expression for Ci which includes surface imperfections, these 
increase effective area. This new formula is shown to be in 
good agreement with Goodmans practical concaved response. The 
author concludes that the concave response is therefore still 
valid and that it can be used to extrapolate for Obn, but not 
for doping density. 
Sections 5,6, and 7 discuss the effects on capacitance of 
interfacial layers, surface charge, and reserve layers; these 
are not considered important to the current research. 
3.3.7 Green, (1975). 1243 
The subject matter of this paper relates to that already 
covered by Goodman i. e. barrier height and doping density 
measurement through the Ci Vi characteristic. Briefly, it is 
stated that the presence of an interface layer will cause 
errors in the calculation of Obn and will impose a theoretical 
maximum Obn for any specific substrate resistivity. Again, the 
relevance of interfacial layers to the current research is not 
sufficiently great to warrant implementation of this paper. 
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3.3.8 Copeland, (1970). E253 
Copeland also pursues the likely inaccuracies that will be 
experienced using differenrial capacitance to calculate doping 
profiles. He derives a factor for junction capacitance to 
include edge effects of, 
Ci (1 + bx/r) 
where x is the depletion layer width, r is the junction 
radius, and the coefficient b is derived numerically. Instead 
of using an assumed cylindrical depletion layer, Copeland uses 
an iterative program to numerically calculate a particular 
charge distribution that complies with the two rules below, 
i. e., 
Electric field is zero along the semiconductor surface, 
Electric field becomes zero at the depletion layer edge. 
He confirms that his charge model is valid by testing for 
two conditions, i. e., 
Both components of the Electric field are zero in the 
undepleted region of the epi-layer, and, 
The integral of E. ds between undepleted epi-layer and the 
capacitor' plate is independant of the path of integration. 
Using this charge model, Copeland calculates b to be 1.5. 
. Although Copeland is primarily interested in the 
inaccuracies of calculated Nd, his means of accurately 
assessing Ci are of greater interest to the current research. 
Using Copeland's coefficient, it is likely that with a typical 
epi-layer thickness of 0.25 microns and junction radius of 
1.5-2 microns, as in the case of the MEDL DC15160, that edge 
effect will contribute 18.75 % to Ci. 
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3.3.9 De Loach. (1964). 1261 
This classic text seeks to characterise high frequency 
diodes using an easy to implement series resonance technique. 
Sample diodes are mounted in reduced height waveguide, although 
co-axial or stripline can be used. Only scalar measurements 
need to be taken. 
De Loach uses an Lp, Ci, Rs series equivalent circuit 
neglecting Gi since the junction has to be reverse biased for 
this test. Placing these elements across a transmission line 
of known characteristic impedance, one can then measure the 
frequency of maximum transmission loss within the line at its 
series resonance, and the two frequencies at the -3dB 
transmission loss points. Using equations unique to the line 
type, De Loach calculates Rs, Cj, and Lp at 50-60 GHz, for a 
diode chip. The great attraction of this approach is its 
simplicity and the fact that only scalar measurements are 
required. In the current research however, limiting factors 
are, 
1) the need to measure Ci under conditions of hard forward 
bias. 
2) the mounting, and particularly the contacting (for 
bias) of a 150 micron cubic chip. 
Clearly any diode mounting into reduced height guide would 
have to be representative of the packaged diode in terms of 
bondwire lengths, parasitic capacitance, etc. For the current 
research this was not thought to be possible in W625. The most 
unlikely aspect was thought to be contacting to a2 micron 
junction with a . 00033 inch gold wire in reduced height 
waveguide. There would obviously be implications on 
perturbations of the waveguide E field. Thus the work of De 
Loach stimulated the approach which was eventually used in 
chapter 5. See also Schilder, [363. 
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3.3.10 Schneider, (1982). E273 
This standard text has been useful for its descriptions of 
Schottky diodes, particularly its comments on series resistance 
and its dependance on junction geometries. Schneider also 
describes different forms of processing for Schottkies, also 
millimetric components such as harmonic mixers. It includes a 
particularly comprehensive bibliography. 
3.3.11 Holm, (1967). 1283 
This standard text includes descriptions and definitions 
of spreading resistance, also Smythe, 1373. 
3.3.12 Henisch, (1957). E293 
For spreading resistance derivations and background, also 
inversion layers, and historical aspects of metal-semiconductor 
interfaces. 
3.4 Summary. 
Section 3.1 has been used to detail the small number of 
published papers that relate to antenna/PIN structures, 
millimetric detection, and microwave to d. c. energy 
conversion. It is concluded from this and other computer 
searches that no in depth investigations on the present 
research have been made or such results published. 
Section 3.2 sets out the most relevant techniques for 
non-linear analysis, along with their limitations, advantages 
and disadvantages. It is concluded that Runge-Kutta is an 
appropriate and flexible method, aimed at achieving a 
meaningful set of solutions to this engineering problem. 
Section 3.3 covers the field of diode parameter 
evaluation. The approach of De Loach is reviewed but deemed 
not adequate, junction capacitance Ci is discussed but no 
solution to the assessment of Ci under conditions of high bias 
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or high power have been found. Many aspects of series 
resistance, and spreading resistance have been highlighted. 
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Chapter 4 The Sniffer Asmemblyi Millimetric Characterisation, 
Theoretical Considerations, & Scale Modelling., 
- 
4.1 Introduction to chapter. 
This chapter will be used to give a total description of 
all aspects of the sampling diode assembly, that is, 
its response to millimetric excitation 
its structure and the characteristics of its constituent parts. 
its theoretical analysis 
the construction and evaluation of a 4.6666: 1 scale model. 
Through the use of medium power c. w. test equipment 
operating at 35 GHz, a quantitative assessment of its 
performance, in as near real conditions as was practicable, 
will be described. The small amount of published comparable 
research has been commented upon in chapter 3. 
Theoretical aspects of this co-axial sampling assembly 
which have been used are fully described. Reference to 
manufacturers published data and published design rules will be 
made where necessary and justification of any assumptions will 
be made. 
Scale modelling techniques have also been found necessary 
and indeed of great value. Careful processing and 
interpretation of the scale model results have been made. 
4.2 Detailed Structure -a description. 
For the purpose of analysis and the derivation of an 
equivalent circuit, the following constituent parts will be 
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considered (see Figures 4.1,4.2) 
The co-axial outer conductor. 
The co-axial inner conductor. 
The L. I. D. packaged Schottky Diode. 
The loop antenna. 
The P. T. F. E. dielectric supporting the diode. 
The air spaced co-axial line. 
The lossy medium (Eccosorb). 
The sealant material (Eccobond). 
Some relevant parameters are tabulated in tables 4.1 and 
4.2, the configuration within the WG22 block was shown in 
Figure 2.5. The phosphor bronze tube forms the outer conductor 
of this co-axial line. This material was chosen in the 
original design as a co-axial housing which could be located 
precisely within the WG22 block and provide good mechanical 
stability. Mechanical stability is enhanced by the inclusion 
of four castellations at the diode end of the co-axial outer 
conductor. For the purposes of this research the castellations 
have been excluded. 
The L. I. D. packaged Schottky barrier diode is illustrated 
in figures 4.3 and 4.4. As has already been stated, the diode 
package is of alumina, the semi-conducting material is Silicon 
with Nickel as the barrier metal. It is held centrally within 
the phosphor bronze outer conductor by a P. T. F. E. support. A 
wire is soldered onto each end of the metallised L. I. D. 
package - one wire is enamelled copper of diameter O. 1mm. and 
length 25mm. The second wire is tinned copper, diameter 
0.15mm. and length 4mm. When located into the P. T. F. E. 
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Figure 4.1 Photograph of Sampling Diode Assembly 
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Figure 4.2 Crossect ion of Sni f-fer-13-1-od-e Assembly 
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Compnt 
Dielec'c 
Permtvt 
Relative 
Permblty 
R'sistvty 
ohm-m 
Condv'y 
Siemens 
Tube --- 1 --- 5. E3xlO-l 
Diode 9.5 1 101: 3 --- 
Loop --- I --- 5. BxIO'7 
Support 2.1 1 101M --- 
Airgap 1 1 -6110--C> - 
Atten'r 9.8* 1.3* Joirs --- 
Sealant 4.2* --- JOIZ! --- 
Inner --- 1 5. 
BX107 
Castel'n --- --- --- --- 
Table 4.1 Electrical Parameters of Co-axial Zones 
-------------------------------------------------- 
Compnt 
Descrp 
Material Outside 
Diameter 
(mm. ) 
Inside 
Diameter 
(mm. ) 
Length 
(mm. ) 
Tube P. Bronze 2.35 1.50 8.3/8.7 
Diode Alumina . 74/. 97 1.8/2.1 
Loop Cu. wire 0.15 --- 4 
Support PTFE 1.5 1.0/1.1 2.5/3.5 
Airgap Air 1.5 . 5/. 52 0.5/3.00 
Atten'r Eccosorb 1.5 0.5 4.2/4.8 
Sealant Eccobond --- --- -0.5 
Inner Copper --- 0.1 25 
Castel'n Air --- --- --- 
Table 4.2 MechaAical Details of line components 
------------------------------------------------ 
(* at 19 GHZ ) 
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Fig. 4.4 Photograph of alumina packaged LID_d_io_de 
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support the 4mm. wire is formed into a 'U' shaped loop of 
typically 0.97mm. diameter. The unsecured end of the loop may 
be attached by soldering onto the plane of the end of the 
co-axial outer. The loop serves two functions: - 
i) to intercept incident R. F. 
ii) to provide a d. c. return for rectified current in 
the Schottky and the associated limiter diode. 
The 25mm. wire forms the inner conductor of a co-axial 
line, the first section is air spaced (see Figure 4.2). To 
minimise leakage of 35 GHz r. f. power from the complete 
assembly, an absorptive material is assembled using a slide fit 
into the co-axial line beyond this air space, the material is 
Emerson & Cuming Eccosorb 114. Although its primary purpose is 
rapid attenuation of stray r-f- in practice it serves also to 
enhance the transformation of incident 35 GHz into d. c. for 
subsequent driving of the PIN diode. Empirically, it is 
believed that this is caused by reflection at the air/Eccosorb 
boundary causing standing waves and voltage doubling in the 
plane of the diode junction. It has been observed that 
rotation of the loop antenna does not cause a marked variation 
in the r. f. to d. c. conversion efficiency and therefore this 
technique is rarely used. Once optimised the Eccosorb rod is 
bonded in position using Eccobond Paste 'E', a nominally 
characterless material at microwave frequencies used to give 
environmental integrity. The entire assembly is inserted or 
retracted for minimal leakage. Figure 21.5 shows its position 
relative to the WG22 block. 
4.3 Practical Measurements. 
_ 
4.3.1 High power consideration/constraints. 
In chapter 2 it was stated that improved performance of 
the complete TR-PIN limiter necessitated improved performance 
of the sampling diode assembly. More specifically, the problem 
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is as follows :- 
In order that the PIN limiter diodes can be used more 
effectively to reduce overall leakage to the protected mixer, 
it is necessary to drive a significant amount of d. c. current 
into them. Moreover, to improve specifically the 'spike' 
leakage (potentially fatal to the receiver) then this biassing 
current must be available at the commencement of the leading 
edge of the magnetron transmit pulse. To ensure that this 
occurs, the maximum possible amount of r. f. needs to be 
intercepted by the pickup loop antenna and rapidly rectified. 
There are, however, a series of compromises that have to be 
borne in mind. 
4.3.2 Excess Incident Power. 
Firstly, there is a finite limit to the amount of power 
that the Schottky diode junction can withstand before it itself 
will fail, due to excess voltage or current. The manufacturers 
[13 state a burnout level of 300 mW c. w. or 400 mW peak, 
although no statement of duty factor is made. In addition, 
this reference indicates a forward current of 10 mA as being 
acceptable at 1 volt bias, and similarly a reverse current of 5 
microamps at -2 volts, all of these relating to a test 
frequency of 9.375 GHz. In the hostile r. f. environment found 
beyond a vacuum TR tube, the Schottky may experience far 
greater peak powers than this. Extensive analysis of 'spike' 
leakage using a Tektronix 500 MHz transient digitiser has 
illustrated that in this family of TR tubes, 'spike' leakage is 
substantially triangular. Referring to Figure 4.5 the energy 
contained within this typical triangular 'spike' leakage 
component of the leakage pulse will be: - 
Energy (Joules) = (1/2)(b)x(h) 
where b is the base width in seconds, and h the power at 
the vertex, in Watts. 
Analysis by Morris and Hall 123 has also shown that mixer 
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02 Time, t, nsec 
diodes fail predominently through excess energy rather than 
through excess power. Based on these facts, it can be seen 
that the equivalent peak power of a typical 12 nano-Joule spike 
from a Q-band primed vacuum TR tube, if its duration were 2 
nano-seconds, would be 12 Watts peak. In the case of the 
primerless TR tube leakage has been measured using a calibrated 
WG22 video detector and the same 500 MHz transient digitiser, 
to be typically 50-100 Watts at its vertex. Based on these 
values, the potential for failure of the Schottky diode is 
great, even with no allowance being made for statistical spread 
of spike leakage amplitudes. A Gaussian plot of successive 
spike vertices might indicate peak spike values of 2- 3-times 
this value. 
In practice the Schottky is never coupled this closely 
into the waveguide. By retracting the pickup assembly, the 
power intercepted by the loop antenna would be typically 22dB 
down on this figure, although, in the case of the primerless 
tube this is still excessive. 
4.3.3 Excess Insertion Loss. 
It has already been stated that close coupling of the loop 
antenna to the waveguide run is desirable for best high power 
protection. Clearly, close coupling of high power during the 
protect phase will necessarily result in the same degree of 
close coupling during the low power (receive) phase. This 
will manifest itself as high insertion loss during reception, 
with attendant degradation in system overall noise figure, 
noise floor,, and RADAR range. In millimetric systems 
especially, all power is at a premium and avoidable waste is 
not acceptable. This demonstrates the need for maximised r. f. 
to d. c. conversion efficiency. 
4.3.4 Excess Voltage Standing Wave Ratio. 
The internal dimensions of WG22 are 7.11mm. x 3.56mm; 
clearly the insertion into the broadwall of a Imm. diameter 
conductive loop, 1.25mm. longg will degrade the V. S. W. R. This 
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would affect matches in other parts of the RADAR, for instance 
the phase comparator in a monopulse system. This would result 
in degradation of comparator phase balancing and the ability of 
the RADAR to track targets. Clearly this could not be allowed 
in a high performance system. Again it is apparent that all 
power available to the Schottky must be effectively converted 
to d. c. in order that antenna insertion can be minimised. 
In order to establish the existing efficiency of this 
sniffer', the following series of 35 GHz to d. c. tests was 
devised, 
4.3.5 Test Procedures. 
Several series of tests have been performed on samples of 
DC15160 diodes assembled into the co-axial mount described. 
These are: - 
4.3.5.1 Testing of eight diodes for output voltage across 
-fixed resistors in the range 10 to 1000 ohms, for a 100 mW C. W. 
input at 35 GHz. Three sets of data were recorded for each 
diode at insertion losses of 0.1 dB, 0.2 dB, and 0.3 dB 
respectively, see figures 4.7a, b, c. This set of data has 
proved to be the most valuable; it is used for comparison with 
the final non-linear computer model in chapter 6. 
4.3.5.2 Voltage output from 3 sampling diode assemblies, 
into a nominal open circuit, as a function of r. f. input power 
at 35 GHz. The assembly was inserted to cause an insertion 
loss increase of 0.2dB. (tables 4.3a, b, 4.4a, b, and figures 
4.8 - 4.11) 
4.3.5.3 As 4.3.5.2 but 0.3dB (tables 4.3c, 4.4c, figures 
4.8 - 
4.3.5.4 As 4.3.5.2-3 but with the open circuit replaced by 
a fixed resistor. This was a qualitative measure of the source 
impedance presented by the loop antenna, diode, and co-axial 
line. The resistor value was chosen to reduce the open circuit 
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123 Log(Rbyp) 
Table 4.3 
P(inc) 
(mW) 
V out 
O/cct 
(mv) 
Noml 50% 
Res'tnc 
(Kohm) 
LOG(10) 
Res'tnc 
(unit) 
Diode 
Current 
QAA) 
10 25 294 5.47 . 0425 
20 47 168 5.22 . 14 
30 67 101 5 . 332 
40 E34 67 4.83 . 625 
50 100 47 4.67 1.065 
60 116 33 4.52 1.76 
70 131 23.3 4.37 2. E31 
E30 146 22.2 4.35 3.26 
90 160 16.5 4.22 4.85 
100 174 13 4.11 6.69 
110 187 10.77 4.03 8.68 
120 200 8.25 3.92 12.12 
125 205 7.85 3.89 13.06 
Table 4.3a R. F Test Results for Diode #1, (0.2dB) 
P(inc) 
Ww) 
V out 
O/cct 
(mv) 
Noml 50% 
Res'tnc 
(Kohm) 
LOG(10) 
Res'tnc 
(unit) 
Diode 
Current 
(Y) 
10 30 9999 7 . 0015 
20 so 1400 6.15 . 0286 
30 126 793 5.9 . 0795 
40 163 280 5.45 . 291 
50 200 132 5.12 . 758 
60 235 44 4.64 2.671 
70 268 38.8 4.58 3.454 
so 298 22.6 4.35 6.593 
90 325 12.9 4.11 12.6 
100 350 8.1 3.91 21.61 
110 370 5.7 3.76 32.46 
120 395 4 3.6 49.38 
125 410 3.4 3.53 60.29 
Table 4.3b R. F Test Results for Diode #3, (0.2dB) 
-------------------------- 
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P(inc) 
(mW) 
V out 
O/cct 
(mv) 
Noml 50% 
Res'tnc 
(Kohm) 
LOG(10) 
Res'tnc 
(unit) 
Diode 
Current 
(pA) 
10 64 1919 5.28 . 0166 
20 144 426 5.63 . 169 
30 206 133 5.12 . 774 
40 265 51.2 4.71 2.588 
50 315 19.1 4.213 8.246 
60 360 10 4 Is 
70 404 5.7 3.76 35.44 
so 435 3.41 3.53 63.78 
90 470 2.48 3.39 94.76 
100 505 1.63 3.21 154.9 
110 535 1.26 3.1 212.3 
120 560 1.15 3.06 243.5 
125 580 . 98 2.99 295.9 
Table 4.3c R. F Test Results for Diode #3, (0.3dB) 
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Table 4.4 
P(inc) 
-0.5dB (mW) 
P(loop) 
corr'd 
(mW) 
Diode 
EMF 
(mv) 
Rsource 3 
-0.2dB (Kohm) 
Maximum 
Power 
nW 
Effic'y 
X1000 
% 
8.9 . 356 35.4 416 . 753 . 21 
17.83 . 713 56.5 202 3.95 . 55 
26.74 1.069 74.5 112 12.39 1.16 
35.65 1.426 90 72 28.13 2 
44.56 1.782 104.9 49 56.14 3.2 
5'-)-. 48 2.139 119.9 34 106 5 
621.39 2.495 134.1 24 1137 7.5 
71.3 2.852 149.4 2-3 242.6 E3.51 
E30.21 3.208 162.7 17 389 12.1 
89.13 3.565 176.3 13 598 16. B 
98.04 3.921 189 10.9 E319 20.1 
107 4.277 201.7 B. 25 1230 28.8 
111.4 4.456 206.6 7.85 1360 : 31 
Table 4.4a Results for Diode #1, (0.176dB) Corrected 
------------------------ -------------------- 
P(inc) 
0.5dB 
(mW) 
P(loop) 
corr'd 
(mW) 
Diode 
EMF 
(mv) 
Rsource 
-0.2dB (Kohm) 
Maximum 
Power 
nW 
Effic'y 
X1000 
% 
8.9 . 356 48.9 6302 . 095 . 027 
17.133 . 713 84.9 614 2.9 . 407 
26.74 1.069 137 861 5.4 . 505 
35.65 1.426 168 288 24.5 1.718 
44.56 1.782 203 134 76.9 4.32 
53.48 2.139 236 44.2 315 14.73 
62.39 2.495 269 39 463 18.56 
71.3 2.852 299 22.7 985 34.54 
E30.21 3.208 325 12.9 2.05 63.9 
89.13 3.565 358 8.12 3.65 110.8 
98.04 3.921 370 5.7 6 153 
107 4.277 395 4 9.75 228 
111.4 4.456 410 3.4 12.4 278 
Table 4.4b Results for Diode #39 (0.176dB) Corrected 
------------------------ --------------------- 
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Ninc) 
0.5dB 
(mW) 
P(loop) 
corr'd 
(mW) 
Diode 
EMF 
(mv) 
Rsource 
-0.2dB (Kohm) 
Maximum 
Power 
nW 
Effic'y 
X1000 
% 
8.9 . 447 79.2 2375 . 66 . 148 
17. e3 . 896 150 445 12.7 1.42 
26.74 1.34 212 135 83.2 6.21 
35.65 1.79 266 51.5 344 19.22 
44.56 2.24 316 19.1 1.31 58.5 
53.48 2.99 360 10.1 3.2 107 
62.39 3.13 404 5.7 7.2 230 
71.3 3.58 435 3.4 13.9 388 
80.21 4.03 470 2.48 22.3 553 
89.13 4.48 505 1.63 39.1 873 
98.04 4.92 535 1.26 56.8 1154 
107 5.37 560 1.15 68.2 1270 
111.4 5.6 580 . 98 E35.8 1532 
Table 4.4c Results for Diode #3, (0.224dB) Corrected 
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Fig. 4.8 Sampling Diode Rssembly E. M. F. v. Pin at 35 GHz 
0 20 40 60 so 100 120 140 
Waveguide Input Power, mW cw 
Fig. 4.9 Sampling Diode Rssembly Source Impedance, 35 GHz 
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0 20 40 60 80 100 120 140 
Waveguide Input Power, mW cw Fig. 4.10 Sampling Diode 35 GHz to d. c. Conversion Efficiency 
0 20 40 60 80 100 120 140 
Wavegulde Input Power, mW cw 
Fig. 4.11 35 GHz to d. c. Maximum Power Transfer 
output voltage by 50%. (figure 4-9) 
4.3.5.5 Degradation of V. S. W. R. of the WG22 test block as 
a result of inserting the sampling diode assembly into the 
waveguide broadwall. This enabled an estimate of mismatch 
induced insertion loss to be made. * Corrections to the nominal 
measured insertion losses of 0.2dB and 0.3dB have been made by 
subtracting the increase in loss induced by greater reflection. 
All 35 GHz r. f. testing was based on the WG22 test run 
configuration shown in Figure 4.6. The test bench functions as 
follows. 
A WG21'91- Gunn oscillator is tuned to 35 GHz, the amount of 
power incident on the Schottky assembly is controlled using the 
rotary vane attenuator and can cover the range 0- 125mW. To 
guard against parameters which are grossly frequency 
dependance, frequency of the Gunn oscillator is monitored 
constantly using a calibrated resonant cavity frequency meter. 
A 23dB coupler and calibrated thermistor head ensure that the, 
incident power does not vary, and a 10dB coupler is used to 
measure the effect upon insertion loss of the loop antenna. 
Care was taken to select waveguide hardware that exhibited a 
good match at the test frequency. The sampling assembly 
specimens were all assembled to normal production standards in 
order that they were wholly representative. All assemblies 
were fitted with a brass collar to enable fine control of 
insertion depth, and were locked into the test block for 
mechanical stability see figure 4.5a. 
Voltage out of each assembly was measured on a general 
purpose 100 MHz oscilloscope with an input impedance of 1 
Megohm. Maintaining a constant insertion loss, input power and 
rotationg the sampling assembly output port is terminated in 
different values of fixed resistor until the output voltage was 
reduced to 50% of its open circuit value. It should be noted 
here that, in the production environment there has been a long 
held view that, due to diode parasitic capacitance, the d. c. 
output is pure and that no residual 35 GHz remains at this 
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point. This has never been verified. This will have a bearing 
on conversion efficiency and so the analysis which follows in 
Chapter 6 will, as a by product, answer this question. 
4.3.6 Results. 
This section describes but does not justify the first 
series of measurements made on the sniffer at the commencement 
of this research programme. 
Figures 4.7a, b, c illustrate d. c. voltage across fixed 
value resistors from 10 to 1000 ohms, for up to seven diodes, 
excited with 100 mW, set to give insertion losses of 0.1,0.2, 
0.13 dB respectively. Diode #10 yields 100,280, and 300 mV 
into 1 kohm at each insertion loss, indicating that this diode 
is well saturated. Diode #8 on the other hand produces 123, 
230, and 315 mV showing that this diode is not saturated. This 
fact, and the obvious variations in d. c. performance will give 
some indication of the inconsistencies encountered in trying to 
achieve required P. I. N. leakage characteristics. 
Figure 4.8 illustrates diode open circuit voltage or 
E. M. F., as tabulated in Table 4.4, column three. The lower 
trace represents the response for diode #1, the centre trace 
represents the response of diode #3, both coupled to give an 
insertion loss of 0.2 dB. The top trace is for diode #3 
coupled to give 0.3 dB insertion loss. E. M. F. of diode #3 
increases from 410 mV to 580 mV i. e. 1.4 times for an incident 
power increase of 1.5 it is therefore almost a linear detector. 
Difference in the E. M. F. of two nominally identical diodes, 
both coupled for 0.2 dB insertion loss was 206.6 mV and 410 mV; 
this will give some indication of the variability seen in 
production and will be addressed later. 
Figure 4.9 illustrates a first order estimate of source 
impedance taken from Table 4.4, column four. Diode #1 coupled 
at 0.2 dB is exceptional in that it has the lowest source 
impedance at low power, (416kohms), and the largest at high 
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power, (7.85kohms). The remaining two almost parallel traces 
are for diode #3 coupled at 0.2 dB and 0.3 dB; at maximum r. f. 
drive of 125 mW Rsource reduces from 3.4 kohms to 0.98 kohms as 
insertion loss in increased. 
Efficiency in this context is taken to mean the power 
within a specified resistor value as a percentage of waveguide 
input power less coupling factor. Figure 4.10 shows that 
efficiency increases proportionally with input power, simply 
because greater r. f. drive levels will cause diode junction 
conductance and therefore source impedance to reduce. Maximum 
power transfer data is shown in figure 4.11; this simply 
reflects the efficiency curves. 
4.4 Theoretical Analysis. 
The procedure that has been adopted here is to treat the 
sampling diode assembly as a loop antenna, a dual conductor 
co-axial line containing a 'point source' diode, an air spaced 
co-axial line,, and finally a frequency dependant lossy 
dielectric. Generally we require to solve for transmission 
line input impedance as a function of all line parameters and 
dimensions. In the first instance we require results from the 
computer model for existing diode and line parameters since the 
intention is to improve the design, every element which may or 
may not influence performance has purposely been included in 
order that its effect can be studied. 
4.4.1 Primary and Secondary line characteristics. 
To solve for the input impedance to specific sections of 
the transmission line described above, the standard 
transmission line input impedance equation is required i. e., y 
Zs = Zo1ZrCoshHl + ZoSinh8l3/[ZoCoshhl + ZrSinhK13 -4.1 
where Zs = input impedance 
Zr = termination impedance 
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1= line length 
Zo = line characteristic impedance 
?S= propagation constant 
In general, 
IS = SQR E (R +i wL) (G + i wC) 3) = (cc +i A) -4.2 
Zo = SOR I (R +i wL) / (G +i wC) 3 -4.3 
where, 
R a. c. = (1/210 (1/a + 1/b)SOR(upl2a) -4.4 
L= Lext + Lint = Wjto/2TUn(ro/ri) + Ra. c. /w -4.5 
G= 2114Y/ln(ro/ri) 
C= 2MrEo/ln(ro/ri) 
-4.6a 
-4.6b 
The equations 4.2 to 4.6b all infer perfect dielectrics, 
references such as Ramo, Whinnery & Van Duzer E33 do not 
consider complex permittivities or permeabilities in depth, 
although some reference is made in connection with 
semiconducting material. The implementation of the effect of 
lossy media is a central part of the analysis of this line. It 
is described by several sources, Von Hippel 143, Chipman E53, 
Emerson & Cuming E6,73. 
When any line contains an imperfect dielectric of 
permittivity Er and loss tangent Tan(S) then, 
Er = Er '-i Er" 
so that the capacitance C, per loop metre becomes, 
Page 67 
2-R(Cr' - jEr")/ln(ro/ri) 
whereby the factor (0 + jW) of equation 4.2 becomes 
(G + (jCTan(E; ) + jwC) -4.7 
Using a comparable technique the factor (R + jul-) from 
equation 4.2 expands to include the complex permeability, 
i. e. (R + wTan(Em) + j(. )L) -4.8 
whereby equation 4.7 includes a I'lossy capacitor" 
conductance and equation 4.8 contains a "lossy inductor" 
resistance. Numerical values for all of the above parameters, 
including the lossy zone, have been calculated at a frequency 
of 35 GHz using the program LNCHRSvALL. These are listed in 
table 4.5a-c, and illustrated in the equivalent circuit of 
figure 4.24. 
4.4.2 The computer model - program details. 
The program LNCHRSvALL uses classical transmission line 
analysis, along with complex permittivities and complex 
permeabilities, to calculate co-axial line input impedances as 
a function of their dimensions, also L, G, R, C and S. The 
sampling diode assembly is considered as five zones, zone 1 is 
the antenna, zone 5 is the Eccobond potting fmaterial. 
Sub-routine Line_data inputs all permittivities, permeabilities 
etc., sub-routine Primary-chars calculates the factors Lint, 
Lext, G, R, C including skin effects and loss tangents, for 
each of zones 2,3, and 4. Note that zone 2 requires the 
capacitance for a dual dielectric, and zone 4 requires the 
calculation of a dual dielectric inductance. Lines 820 to 1050 
calculate oc, A and 8 for zone 4, this being the only lossy zone 
and therefore the only zone where simplifications to the 
equation for 15 can not be made. Expansion of the complex 9 for 
zone 4 is by De Moivres theorem; sub-routine Calc-Zo forms the 
complex equations 
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Table 4.5 
LINE: 
PARAMETER 
SYMBOL CALCULATED 
VALUE 
UNITS 
Surface Resistivity Rs 4.881xlO--- ohms 
Internal Inductance Lint . 7536 nH/m 
Skin Resistance Rskin 165.72 ohms/m 
External Inductance Lext4 541.61 nH/m 
Complex Permeability Res'tnc Re(XL4) 6.31x101 ohms/m 
Capacitance C4 195.20 pF/m 
Dielectric Conductance G4ecco 2.3xlO-1ý3 S/m 
Complex Permittivity Cond'nc Re(XC4) 2.146 S/m 
Zo: Resistive ReZo4 54.72 ohms 
Zo: Reactive ImZo4 -12.18 ohms 
Characteristic Impedance Zo4 56.06 ohms 
Loss cc4 55.58 dB/cm 
Phase Constant 84 2322 Rad/m 
Zone4 Input Resistance ReZin4 54.49 ohms 
Zone4 Input Reactance ImZin4 -12.42 ohms 
Table 4.5a Co-axial Line Zone4 Parameters at 35 GHz 
----------------------------------------------------- 
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LINE SYM130L ICALCULATEDI UNITS 
PARAMETER VALUE 
Surface Resistivity Rs 4.88xlO--- ohms 
Internal Inductance Lint . 7536 nH/m 
Skin Resistance Rskin 165.72 ohms/m 
External Inductance Lext3 541.61 nH/m 
Capacitance C3 20.5 pF/m 
Characteristic Impedance 162.5 ohms 
Table 4.5b Co-axial Line Zone3 Parameters at 35 GHz 
----------------------------------------------------- 
Len3 ZinZone3re ZinZone3im UNIT 
.5 58.10 41.26 ohms 
1 80.0 102.7 ohms 
1.5 150.6 180.3 ohms 
2.0 378.8 iesw ohms 
2.5 391.6 -180.1 ohms 
3.0 155.6 -183.6 ohms 
Table 4.5c Co-axial Line Zone3 Input Impedance v Len3 
------------------------------------------------------- 
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Sm = t(R + wTanMI) + jwll((G + wCTan8l) + jwCl and 
Zo = SQR((R' + jwL)/(G' + jwC)) 
which is required to compute Zin for Zone 4. Since oc >0 
nepers, then the usual simplifications that are used to 
calculate input impedance cannot be used. The complex forms of 
Cosh(81) and Sinh(bl) have therefore to be used. 
Sub-routine CalcZ_Zone3 shunts the input of zone 4 with an 
air spaced line to represent length Len3, similarly, the 
sub-routine CalcZ-APC7 includes a dummy APC-7 line of length 
12.86 mm divided by a scale factor. This factor is the ratio 
of the inner diameter of APC-7 transmission line (7mm) to the 
inner diameter of the 35 GHz 'sniffer' (1.5mm), i. e. 4.6666: 1. 
Sub-routine CalcZ_zone3 includes the Schottky and P. T. F. E. 
dielectric. In order to present the response of the computer 
model in Smith Chart format, the calculated input impedance is 
converted into complex reflection coefficient in a 50 ohm 
system. This uses the relationship 
Reflection Coefficient, rho = (Zr - Zo)/(Zr + Zo), 
enabling a linear overlay plot to be made onto the Smith 
Chart graticule of the HP8510B practical results. 
The validity of the calculation of attenuation coefficient 
cc has been confirmed through comparison with attenuation data 
published by Emerson & Cuming 16,73. Whereas Emerson & Cuming 
use the equation, 
dB/cm = 2T%B. 6B6/AotX)2-17-' where, 
X= Crjjr /2 C((I +TanO 8) (I +Tan22 8m) )1 -22 -(1 -Tan STan Sm) I 
Page 71 
and Ramo, Whinnery, & Van Duzer [33, using binomial 
expansion to three terms use, 
oc = R/2Zo + GZo/2 
the results achieved in this research using De Moivre 
agree well with those using the above equations. 
4.5 Practical measurements of the scale model. 
4.5.1 Overview of the co-axial line and loop antenna. 
Since the input impedance of the co-axial line is a key 
factor in the sampling diode model, there exists a strong need 
for as much practical verification of the line model as can 
easily be obtained. Observation of the dimensions of the 
co-axial structure (Figure 4.1 and 4.2) will indicate the 
likely degree of difficulty in measuring S11 for a 1: 1 scale 
version at 35 GHz. For this reason, practical measurements of 
SII have been made on a 4.6666: 1 scale model of both the 
co-axial line lossy zone and of the loop antenna. This 
technique was suggested by Climer E83 because it renders the 
co-axial line directly compatible with APC-7 measurement 
systems where the co-axial inner diameter is 7mm. There are 
immediate advantages in availability of good quality 
connectors, broadband measurement capability, and 6 vector 
error corrected network analysis. The upper limit for 
frequency range in APC-7 is nominally IS - 20 GHz although 
performance degradation to 22 GHz is not high. 
4.5.2 The co-axial line model. 
The inner diameter of the 1: 1 version is 1.5mm. therefore 
a scaling ratio of 4.6666: 1 is applied to every dimension. 
When this rule is applied to the O. Imm. diameter enamelled 
copper wire then it does not scale to the correct APC-7 inner 
diameter of 3.04/3.05mm. There is therefore a point in the 
scale model at which the APC-7 connector inner conductor has to 
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change diameter to 0.46666mm. All practical measurements using 
the HP8510D were therefore referenced to this plane and, as 
mentioned in section 4.4.2, a dummy 12.86 mm length of APC-7 
line has been included in the computer model. It should be 
noted also that the inner diameter of the Eccosorb load is 
greater than the enamelled wire diameter; a substantial airgap, 
therefore exists which is allowed for in the computer model 
calculations of L, G, R, and C. 
The model which was used for these measurements is 
illustrated in Figure 4.12. The APC-7 connector contains as an 
integral part a dielectic bead which acts as a mechanical 
support for the inner conductor. The bead has an electrical 
length that is marginally less than Imm. in excess of its 
physical length; the effect of this will be to rotate any 
response around a Smith Chart and therefore it has been allowed 
for in the computer model. 
It is an easy matter to verify that scale modelling of 
frequency and dimensions is fully legitimate in a loss free 
situation. Because in this instance the line quite 
specifically is not loss free there exists a limit to the 
validity of scale modelling. There are two reasons for this. 
In the first instance direct scaling assumes R << wL and G << 
wC which is not true in this case, and in the second instance 
that R/wL and G/wC vary non-linearly with frequency. Direct 
scaling would only be possible if a complicated non-linear 
frequency dependant adjustment were made to equation 4.1. it 
is normally the case that one would make practical measurements 
on a low frequency model, and use high frequency published data 
to construct a 35 GHz 1: 1 computer model. Because of the 
previous reasoning and due to the fact that no published data 
exists for Eccosorb 114 above IS GHz, the computer model also 
has been developed to operate at reduced frequency, i. e. 
35/4.6666 GHz. It becomes practicable, therefore to verify the 
computer model directly using real, measured impedance values 
and real published loss data. Using this approach the emphasis 
of any uncertainties in scaling lossy assemblies is shifted; 
instead of requiring to predict the discrepancies due to 
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Figure 4.12 Photograph of Transmission Line Model 
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scaling in the equation 4.1, the errors are made more tangible. 
The scale model accounts for the lossy aspects, and the 
computer model can be made to account for frequency 
non-linearities of Tang and Tangm. After validating the 
computer model at a nominal 7.5 GHz it remains only to 
extrapolate with due care, values for four key parameters in 
order that they may be injected into the computer model with 
all frequencies and dimensions reverting to 1: 1. the four 
parameters are permittivity, loss tangent, permeability, and 
magnetic loss tangent, all of which are well defined at twelve 
points across the frequency range IOOHz to ISGHz, see Figure 
4.13. This enables a value for input impedance of the 1: 1 
model to be calculated. Extrapolation is obviously potentially 
error prone and an assumption is made here that the trends to 
IS GHz in figure 4.13 will continue upto 35 GHz. 
4.5.3 The loop antenna model. 
The antenna model is an exact 4. L666: 1 scale of the real 
loop antenna including the diameter of the material used to 
form the loop. It is again based on APC-71 see Figures 4.14 
and 4.15. Since there are no lossy materials to be considered, 
there are no obvious sources of error of comparable magnitude 
to those discussed in the previous section. There will be 
minor errors in scaling due to skin effect frequency 
non-linearities; these have not been accounted for. 
Additionally, for any measured impedance to be meaningful, the 
loop antenna would have to be mounted into a representative 
waveguide broadwall during measurement. The closest 
approximation to a 4.6666: 1 scale increase in WG22 (internal 
dimemsions 7.11mm. x 3.56mm. ) is WG14 which will be nominally 
5% oversize. This is not considered to be a significant source 
of error. 
As a result of the above considerations, a computer model 
of the antenna was not considered necessary and the measured 
impedance of the scale model has been taken to equal the 
impedance of the 1: 1 version. 
Page 75 
24 
22' 
20 
EL i 
(L) 
> 18ý 
4-, 
is- 
14 
12 
10 
82 
3458 
E 
Permeability 2 
+3 
fu 
Tan Delta m 
0 
4-) 
(D 
c 
m 
(v 
E 
rd 
.3 -0 
c ru 
.2 
F- 
011111111 10 
23456789 10 11 
Loq(10) Frequency Hz 
Figure 4.13 Parameters for Eccosorb 114 
Permittivity 
-1.08 
11) 
. 06-0 C: 
ro 
. 04 
. 03 
02 
. 01 
III10 
789 10 
Log(10) Frequency Hz 
5 
Page 76 
Figure 4.14 Photograph of Antenna Scale Model 
Figure 4.15 Photograph of Antenna Mount in WG14 
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4.6 Discussion of results. 
4.6.1 Co-axial line - scale model and 8510B results. 
The computer model has been configured to plot an overlay 
onto the HP8510B Smith Chart output. The procedure which the 
program (APC7LNCHRS) follows is identical to that described in 
section 4.4.2, except that data used in this instance relates 
to the APC-7 line, not the 35 GHz version. Observation of the 
1: 1 co-axial configuration, Figures 4.1 and 4.2, gives an 
indication of the absolute extremes of the airline length, 
(Len3), i. e. the point where the Eccosorb load touches the 
alumina diode package to the point where the load will slide 
out of the phosphor bronze tube. These extremes are Omm. to 
6mm. During assembly, a more realistic range would be 0.5mm. 
to 3mm., which, when scaled becomes 2.333mm. to 14mm. Eight 
Smith Chart overlays are therefore illustrated in Figure 4.16a 
to 4.16h for the range 1mm. to 14mm. The set of theoretical 
results include the dummy 50 ohm line, as do the 8510B results; 
they should therefore agree closely. All plots cover the 
scaled frequency 30 to 40 GHz, that is 6.4286 GHz to 8.5714 
GHz. It can be seen that at the frequency of interest (7.5 
GHz, 35 GHz) agreement is fair, although mid range for Len3 
7mm., agreement is excellent. 
For use in the complete sampling diode analysis this value 
has to be rotated around the Smith Chart to remove the 13.91mm 
APC-7 test length. The impedance at 7.5 GHz (35 GHz) for Len3 
= 7mm. (7/4.6666mm. ) is (20.555 + j27.615) ohms, which, when 
rotated becomes (160 + j24.2) ohms. It has been shown on both 
the practical and the computer model that this value of 
impedance ZinZone4 is invariant with external termination, that 
is, the r. f. load presented to the diode does not vary with 
the r. f. (35 GHz) impedance of the subsequent PIN diode or 
waveguide circuitry. This results from the padding effect of 
-22.4mm. of lossy material offering -44dB of attenuation to any 
mismatched termination. 
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Fig 4.16a 
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Sil z 
REF 1.0 Units 
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Fig 4.16c 
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STOP 8.571400000 GHz 
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Fig 4.16d 
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START 6.428600000 GHz 
STOP 8.571400000 GHz 
Sil z 
REF 1.0 Units 
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Fig 4.16g 
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Fig 4.16h 
LINE RESPONSE FOR Len3=14mm 
4.6.2 Loop antenna. 
4.6.2.1 Procedure and Results. 
The procedure adopted for this series of tests was aimed 
at quantifying four aspects of loop antenna performance in this 
particular application. These are: - 
Loop antenna impedance (as a source). 
Coupling factor to the host WG14. 
Insertion loss in the host WG14 caused by the insertion and 
orientation of the loop antenna. 
Dependance of the loop antenna performance on insertion and 
rotation. 
In the -First instance the loop antenna penetration into 
the WG14 was governed by the waveguide wall thickness, see 
Figure 4.15, consequently the loop was positioned half way 
across the waveguide narrow wall dimension. Figures 4.17a to 
4.17e illustrates the loop impedance as determined from an S11 
measurement using the 8510B. These five figures show the 
effect over the bandwidth of rotation to the five positions 
indicated. It can be seen that there are no gross orientation 
dependancies. Figure 4.18 illustrates, -For a single 
orientation, three values of loop impedance for three values of 
insertion depth, Omm., Imm., and 2mm. No clear distinction 
between the three can be drawn here. Finally, the WG14 
insertion loss was reduced to a minimum and waveguide to loop 
coupling factor S12 was measured. Despite complete retraction, 
figure 4.19 shows that coupling was still as high as -6.42dB. 
Such close coupling was wholly unrepresentative of the real 
life situation at 35 GHz and led to the WG14 scale model being 
modified to give looser coupling. This required the 
manufacture of a 16 mm long brass collar which was soldered 
into the centre of the WG14 broadwall, see Figure 4.15, 
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enabling retraction of the scaled loop antenna assembly beyond 
the waveguide wall. 
With the brass bush in place, further evaluation of loop 
impedance yielded figures 4.20a-d. Figures a, b respectively 
show loop impedance for two loop orientations spaced by 45 
degrees of rotation. No substantial difference exists between 
the two, particularly at 7.5 GHz (marker 3), although the 
response indicates a low resistive content and a high reactive 
content by comparison with Figures 4.17 and 4.18. This 
suggests reduced power propagation and is explained by the fact 
that 7.5 GHz cannot propagate down the diameter of the brass 
bush. This situation will exist also in the 1: 1 35 GHz 
version, and will reduce the leakage of millimetre wave 
radiation through the co-axial line. 
Figures 4.20 c, d illustrate the results of a re-run of the 
previous test, except that the antenna assembly has been 
retracted further into the brass bush by 14.25 mm. A more 
pronounced reactive response is evident here; little change in 
this response occurs as a result of rotating the antenna, 
resulting in almost total coincidence of traces c and d. 
Figure 4.21a -d illustrate the results obtained for WG14 
insertion loss as a function of frequency, orientation, and 
termination. Trace a) is the WG14 insertion loss with the loop 
completely removed. Traces b) and c) sh" the increase in 
insertion loss for two orientations, when the loop was inserted 
to the same pre-determined depth used for Figures 4.20a and b. 
At the centre frequency, the increase in insertion loss is 
either 0.13dB or 0.2dB depending on orientation. Although it 
will be borne in mind that a substantial discrepancy is 
indicated here, it is felt that since few effects of 
orientation have been seen on impedance, the variation of 
0.07dB can be ignored. If this is accepted then the insertion 
loss is comparable to that seen in the conversion efficiency 
measurements in section 4.3.5, and the antenna impedances 
measured using this insertion loss will be representative of 
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those seen in the 35 GHz tests. In considering whether an 
error of 0.07dB is acceptable, the insertion loss measurements 
made during the 35 GHz conversion efficiency will be subject to 
far greater errors than this. 
Trace d) represents the WG14 insertion loss when the 
output port of the loop antenna was left open circuit. A peak 
in the insertion loss response exists at 7.5 GHz; this relates 
to resonance of the open circuited antenna. 
4.6.2.2 Coupling Factor. 
Coupling factor is of primary importance since it governs 
the amount of potentially high power that will impinge on the 
Schottky diode. Figure 4.22 illustrates the coupling factor 
appropriate to the pre-determined insertion loss mentioned 
above. Five orientations have been used, minimal differences 
exist, particularly at the centre frequency of interest. 
Coupling was measured as -12.89dB although the two values of 
insertion loss (0.12dB and 0.2dB) should yield -15.5dB and 
-13.47dB respectively in an error free situation, i. e. the 
practical measurements indicate tighter coupling than 
anticipated. The measured coupling factor and insertion loss 
are fairly representative of those expected from measurements 
at 35 GHz. It is felt then that there is sufficient 
Justification to use the'measured loop impedance (Figures 4.20a 
to 4.20d) as a source impedance in the full computer model. 
There is a 36.1mm. test length of APC-7 line in front of the 
loop antenna structure see Figure 4.14. Its removal accounts 
for the almost total rotation of the characteristic around the 
Smith Chart, Figure 4.23, and yields an impedance of 7.29-jIO6 
ohms at 7.5 GHz, this will be used in the computer model as the 
diode source impedance at 35 GHz. 
--For the purposes of an equivalent circuit, the antenna 
coupling factor can be represented as a transformer, see figure 
4.24. It is important to know the transformer ratio so that 
antenna E. M. F. can be defined for later use as a driving source 
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for the antenna impedance and non-linear diode. Its ratio has 
been calculated by considering the waveguide electric field in 
volts/metre, and the E. M. F. of the loop antenna. Firstly, the 
coupling ratio "Coupl", has been measured as -12.89 dB at 7.5 
GHz using an HP8510B in a matched 50 ohm system. This coupling 
ratio will be independant of power levels and of any subsequent 
load, although output power will obviously not. One can 
therefore calculate a value for mean voltage across this 50 ohm 
antenna load as a function of incident power, coupling factor, 
and antenna impedance, i. e., 
V,... = (50 x Pin x 
also V,,.. = 50 x E,.,. /(50 + Rloop + 1/juCloop) 
I 
where E is the E. M. F. of the transformer secondary. 
Eliminating V,,.., 
E,.,. = (50 + Rloop + I/juCloop) (50 x Pin x 100--PI-110) 1-'0/50 v 
whereas the peak waveguide voltage is calculable from 
section 2.2 (chapter 2), as, 
(Pav x 48011 x( Xg / Ao) / ab) 1 -'ý 
and the transformer ratio becomes, 
(25 x 4E30Tx(Ag/Ao)/ab)l-21 : (50 + 7.29 - j106)(10c--P3- 
Fitting numerical values to a, b, Ao, Xg, and for Coupl 
-15.5 dB, a transformer ratio of 7.60 :I results. This will 
give a transformer secondary E. M. F. of 1.279 volts peak for 100 
mW waveguide input, there being 2.732 volts peak per millimetre 
in WG22. 
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4.6.3 Finalised Transmission Line Model. 
Having measured, calculated and correlated all line 
parameters, the composite transmission line equivalent circuit 
is that of figure 4.24. Circuit elements are designated as 
follows; 
E is peak voltage amplitude in WG22, associated with Pin 
Lext3, Lext4, are external inductances for zones 3 and 4 
Rsk3, Rsk4, are skin resistances for Zones 3 and 4 
G3, G4ecco, are conductances for air, and eccosorb 
C3, C4 are capacitances for Zones 3 and 4 
Lint is internal inductance for Zones 3 and 4 
ReXL is "Lossy inductor" loss for Zone 4 (eccosorb) 
ReXC4 is "Lossy capacitor" loss for Zone 4 (eccosorb) 
R_byp is simulated PIN resistance 
X-byp is a r. f. blocking inductor for non-linear analysis 
All line parameters are per loop meter. 
4.7 Summary. 
Based on the series of tests undertaken here, for the 
maximum insertion loss condition of 0.3 dB, and for an input 
power of 111 mW, the best efficiency, based on figure 4.10, was 
1.5%. It is highly dependant on Pinc and coupling factor, 
since this determines Gi. Qualitative measurement of Rsource 
confirms that it too varies with input power, insertion loss, 
and test sample. For the highest test power of 111.4 mW, 
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Rsource for three different samples was estimated as 7.85,3.4, 
and 0.98 kohms for 0.2,0.2, and 0.3 dB loss respectively. 
The real part of impedance ZinZone7N i. e. the calculated 
input impedance of the 35 GHz airline, varies subsantially for 
the range Len3 = 0.5 mm to 3 mm, extremes being 58.1 ohms to 
391.6 ohms, Table 4.5c. This is a function of Zone 3 
characteristic impedance which is 162.49 ohms, being lossless, 
Zone 4 characteristic impedance (54.72 -j12.18) ohms, and 
airline length, Len3. Subsequent use of these values as a 
diode termination will be shown to cause wide variations in 
rectification performance as a function of Len3. 
Scale modelling and computer modelling of the cascaded 
co-axial line structure has yielded quite good agreement 
between predicted and measured line performance, for scaled 
airline lengths between 1 mm and 14 mm. The particularly close 
agreement seen in the mid-band results at Len3 7 mm lend 
extra confidence to the incorporation of the theoretical line 
model into the complete 'sniffer' model. 
Scale measurements of antenna impedance in representative 
waveguide have shown it to be capacitive, with a resistive 
content of 7.29 ohms at 7.5 GHz and an equivalent series 
capacitance of 42.9 femto-Farads. It has been shown to be 
nominally independent of rotation, and insertion. Measured 
values have been attributed to coax-waveguide coupling factor; 
this has been shown to be, for all practical purposes, 
independant of rotation. Using this value of coupling factor 
it has been shown possible to calculate a value for effective 
turns ratio for the coax-waveguide interface. 
. 
Referring to the equivalent circuit of figure 4.24, the 
Zone 3 internal inductance is swamped by external inductance, 
being 0.8 nH and 542 nH per loop metre respectively. In the 
lossy Zone 4, Rskin at 170 ohms, is swamped by the lossy 
inductor loss, 63 kohms, whereas conductance, 0.23 
pico-Siemens, is dominated by lossy capacitor conductance, 
ReXC4 = 2.14 Siemens. 
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Chapter 5 The Schottky Barrier Diodet Description, 
Measurements & Analysis. 
5.1 Introduction to ChaDter. 
The following text will be used to detail the salient 
factors of the microwave semiconductor currently used as part 
of this 35 GHz sampler. As well as describing physical aspects 
of the diode, all of the electrical parameters such as work 
functions, resistivities and epitaxy information which have 
been used in this research will be commented upon. In order to 
analyse the composite sampling assembly and develop a computer 
model a substantial amount of theoretical investigation has 
been required in an attempt to reconcile practical measurements 
with theoretical expectations; this has not always been fully 
suc cesful. Equations from the standard texts are quoted for 
information only, some comments on different authors' variants 
will be made. 
Verification of the diode model has necessitated an 
extensive series of tests from d. c. to 22 GHz, these will be 
fully detailed. Not all tests have enabled a positive 
statement to be made concerning the validity of the computer 
model. Wherever this is the case, suggestions have been made 
as to where further research might resolve the uncertainties. 
In deciding on a 'best-fit' diode computer model, an analysis 
of the sensitivity of the theoretical impedance to parameter 
variation has been made. 
5.2-Overview. 
The dominant component in the sampling diode assembly is 
the Schottky diode; it dominates because it determines 
conversion efficiency, harmonic generation, switching/response 
time, and, to a large extent, high frequency capability in 
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future applications. 
The diode is a MEDL DC15160 seven dot Nickel on nI type 
Silicon chip, packaged as a Leadless Inverted Device (L. I. D. ) 
Figures 5.1 and 5.2a, b. It is an X-band detector diode 
intended for use on microstrip. The diode is capacitance 
selected for this application in 0-band (26.4 - 40 GHz). As a 
detector diode it enables detection at moderately low powers, 
typically -50 dBm, and has a specified burnout level of 300 mW 
Ref 113. In this application d. c. bias is not available, as 
completely passive RADAR protection is mandatory. 
In this particular application, the diode is required to 
respond rapidly to incident 35 GHz r. f. power that is below 
the level at which the PIN/limiter will self bias. This 
threshold is determined by the performance of the preceding 
vacuum device, the capability and d. c. characterisation of the 
PIN/limiter diode which it drives and the efficiency of the 
sampling diode. In the case where vacuum tube leakage is 
excessive, or where magnetron r. f. pulse rising edge is 
particularly rapid then the diode response time will determine 
how quickly current is injected into the PIN/limiter, and how 
quickly mixer protection is available. Furthermore, in the 
case of second generation primerless TR tubes, the diode is 
required to convert r. f. to d. c. with greater efficiency i. e. 
it has to provide comparable amounts of d. c. bias current for 
the PIN/limiter while being less closely coupled to the W622 
run. 
At the outset of this research programme it was felt that 
package parasitic capacitance would inhibit both conversion 
efficiency and switching speed. As a result of these 
investigations, many other factors are clearly seen to 
influence conversion and switching speed performance. For 
instance, the inverse square root law increase in junction 
capacitance with junction voltage, at high junction voltage 
(and hence high r. f. drive levels), is thought to swamp 
parasitic capacitance. Similarly, the comparatively large 
series resistance, Rs, of Silicon is certain, in this 
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application, to degrade conversion performance as will be shown 
in chapter 6. With due regard for the comments of Held & Kerr 
[23, practical measurements during this research have shown Rs 
to increase substantially with high junction voltage, (and 
hence high r. f. drive). In the production environment this 
has not previously been considered a limitation although it may 
now influence the choice of future sampling diodes; Gallium 
Arsenide may prove preferable. 
Factors such as bondwire inductance and d. c. current 
burnout levels have been investigated and both have been shown 
to be highly significant in assessing sampling diode 
performance. Bondwire inductance has been shown in chapter 6 
to be a potential cause of diode failure through reverse 
breakdown. Similarly, d. c. measurements of Rs have revealed 
that there is a substantial degradation in diode d. c. current 
burnout capability when a Dot 7 diode junction is used in 
preference to a Dot 4 junction; from a practical viewpoint 
minimum capacitance selection for DC15160 will influence the 
choice of junction size. The implications of this are that, if 
excessive overlay capacitance is caused through improper 
processing then this will neccesitate the choice of a lower 
capacitance junction; this will inherently yield a sampling 
diode assembly with inferior burnout capability. Excess 
overlay has been observed during this research. This 
information could have a bearing on production yields of 
sampling diode assemblies. 
Evaluation of the primary diode parameters that influence 
the above considerations has been divided into the following 
test groups; 
D. C. V-I measurements of lo, n, and Rs, O. InA to 20mA. 
I MHz evaluation of Ci variation with Vj. 
500 MHz evaluation of Ci variation with Vi. 
2-22 GHz evaluation of diode chip impedance. 
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Theoretical aspects and practical test methods will be 
described in sections 5.3 and 5.4 respectively. 
5.3 Theoretical Considerations. 
The diode core is most often described by the equivalent 
circuit of Figure 5.3. This is formed from three parameters, 
Junction Conductance, Gi (or RD. 
Junction Capacitance, Cj. 
Series Resistance, Rs. 
The packaged diode requires the addition of two further 
circuit elements, 
Package Capacitance, Cp. 
Package Inductance, Lp. 
5.3.1 Junction Conductance, Gj (or Ri). 
It is often assumed that microwave diode V-I response may 
be described as, 
I=Io (ec, V, ' Wr -I) 
where I= diode current, 
lo = saturation current, 
V= applied terminal voltage, 
Boltzmann's constant. 
-5.1 
However, Rhoderick E33 shows that this is invalid due to 
the fact that barrier height is not constant but is a function 
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of depletion layer electric field and hence junction voltage. 
Briefly, it depends on amongst other factors, image force 
lowering of the barrier and the effect of the interfacial oxide 
layer between metal and semiconductor. 
Through the use of an 'effective' barrier height Rhoderick 
introduces the ideality factor, n. where, 
1/n = (i - . 8) =1- dOe/dVi. 
where Oe = effective barrier height. 
Oe = Obo - (90bi)o + AVi. 
Obo = barrier height with zero junction voltage applied. 
80bi = image force lowering of barrier height. 
Vi = applied voltage. 
This yields the V-I characteristic, 
j= JO(eCVVJ-1-k-r) (I - e-CIVJfk-r) -5.2 
which reduces to 
J= Jo(eco"-J-1-k"r) for Vi > 3kT/q (- 120 mV. ) 
, In order that the composite sampling diode computer model 
be as precise as possible, equation 5.2 will be used throughout 
unless the difference is shown to be insignificant. 
As has already been stated in this section, d. c. bias is 
not appropriate to this application. In later sections there 
are two different requirements for aV-I characteristic. The 
RADAR system format dictates that no d. c. bias is available for 
the'Schottky and therefore the form of VI characteristic 
used in the Runge-Kutta efficiency analysis is that of equation 
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5.2. The more usual form of junction 
that which is used in mixer analysis 
junction impedance to a low power r. f. 
of d. c. bias or a high power local os 
5.3 below represents the dynamic 
characteristic, 
conductance is, however, 
to describe the diode 
signal in the presence 
cillator drive. Equation 
slope of the V-I 
dVi/dI = kT/qI = 0.026/1 -5.3 
i. e. the dynamic impedance that would be encountered by a 
low level signal in the presence of a large d. c. or r. f. 
bias. For the purposes of the 2- 232 GHz d. c. biassed diode 
chip impedance measurements this is the correct choice and 
therefore this form has been used in validating the diode 
computer model. The importance of the relationship between Gi 
and Vi on sampling diode performance will be investigated since 
no documentation has been found. 
5.3.2 Ideality Factor, 'n'. 
Ideality factor is generally used as a diode quality 
measurement for mixer diodes and is linked to noise performance 
Held & Kerr 123. Ideality may exceed unity for several 
reasons, E33 i. e., 
a change of barrier height with junction voltage as a 
result of image forces and interfacial layers, 
recombination of electrons and holes in the depletion 
layers, or, 
drift and diffusion in the depletion layer. 
In this application there are no noise considerations, 
although there are still implications on diode processing 
quality; the effect of . n' value in this application is 
unknown and is not documented. For these reasons 'n' value 
will be measured and its effect on the computer model noted. 
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rise of diode current as 
the formula suggested by 
1/n 
Plots of V-I 
therefore, 
-fect ideality is to reduce the rate of 
junction voltage is increased. Using 
Rhoderick, equation 5.2, 
(kT/q) x d/dV(ln(I)) 
response are all logarithmic base 10, 
1/n = 2.3025(kT/q)(slope) -5.4 
and provided that non-linearities at current extremes are 
excluded then 'n' is calculable from the best fit straight 
line. 
5.3.3 Saturation Current, Io. 
Saturation current can be derived theoretically using 
equation 5.2, where Jo is defined, 
Jo = A-Týe-Q-k- -5.5 
neglecting image force barrier height lowering. 
where A4* is the Effective Richardson constant, 
A- = 112 A/cmý/ Ký . MEDL 113, Sze E43. 
Ob = barrier height. 
If the area through which the current density is to be 
considered is A then, 
Io = AA-Týe-clf&ft, '&c-r -5.5a 
Practically, this is measured by extrapolation of the best 
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fit V-I characteristic to the point where it intersects the 
current axis. Its significance to sampling diode performance 
is not documented. 
5.3.4 Series Resistance, Rs. 
Series resistance is also derived from the V-I 
characteristic. Referring back to the circuit of Figure 5.3 it 
will be clear that as diode current increases, so voltage drop 
across Rs increases. This effect is observed on the V-I 
characteristic of any such diode as a marked deviation from the 
best fit straight line at the higher current end, see section 
5.4. Thus the voltage difference between the V-I plot and 
the best fit straight line is the product Ix Rs, and since I 
is already known then Rs is easily calculable as a function of 
Vj or of terminal voltage. It follows that references to Vi in 
equation 5.2 should be replaced by (Vi - IRs) when IRs is 
significant. 
Several references, (Sze 143, Maas [53, Held & Kerr E23, 
Rhoderick 133, Chaffin 163, Schneider E73, ) have been studied 
with regard to the theoretical interpretation and prediction of 
Rs. For the purposes of modelling, the expression used by 
Chaffin will be used for a first order estimation. Referring 
to Figure 5.4, 
Rs - (di - W)/U, A + W2 - dl)/U=A + ll4q=r -5.6 
where dl = epitaxial layer thickness. 
W= depletion layer width. 
(Fi = (low) conductivity of undepleted epitaxy. 
A= junction area of device. 
Ad = substrate area. 
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d2 - dl = substrate thickness. 
(T= = (high) conductivity of substrate. 
r= radius of contact. 
the first term of equation 5.6 is the undepleted epitaxial 
layer resistance, the second term is substrate resistance, and 
the final term is spreading resistance. In using this equation 
we are ignoring the possibility that epitaxy conductivity, that 
is, 
(Fl I 
may vary with depletion layer width Sze [43. 
Additionally, no allowance is being made for the significance 
of skin effect on Rs, since this is generally applicable only 
above 50 GHz Maas [53, Held & Kerr [23. Maas includes a 
variant of the spreading resistance equation, 
Rd= = ln(b/a)/(2*lx*g*q*, U*Nd) -5.7 
where a= junction diameter. 
b= chip diameter (or chip square edge length). 
9= skin depth of substrate material. 
11 = electron mobility of Silicon. 
and also an equation for sidewall resistance, at high 
frequencies, which is not applicable here. 
Schneider E73 states that series resistance is a function 
of junction geometry, frequency, and to a lesser extent, 
junction voltage. The author specifies several junction forms 
and their respective spreading resistances, these being derived 
using Laplace's equation. Evaluation of the applicability to 
this research of these forms will be made. If it proves 
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impossible to accurately predict Rs using the usual model 
equation then an alternative may be derived to account, for 
instance, for the aspect ratios of junction diameter, epitaxy 
thickness, and substrate dimensions in this particular diode. 
Related references are Holm 183, Smythe E93, Schilder [103, and 
Henisch 1113. 
It is often the case that authors, Hicks & Khan 1123, etc, 
do not incorporate the voltage variation of Rs in their 
analyses; because of the potential for high incident powers and 
high Vi in this application, the computer model will allow 
variation of Rs with Vi to occur. 
5.3.5 Junction Capacitance, Ci. 
The Schottky diode (or hot carrier diode) depends for its 
operation on energetic (or 'hot') electrons surmounting the 
barrier potential, and being injected into the metal contact. 
These electrons then give up their excess energy, through 
collisions, in -0.1 pico-seconds. It follows that, but for 
inherent junction and parasitic capacitances the diode could 
rectify to -1000 GHz. In practice Schottkies readily operate 
above 110 GHz, and, in doing so, their depletion layer width 
varies also at 110 GHz. It will be the case that junction 
capacitance will vary at this rate also. 
In mixers this contributes in part to conversion 
efficiency, Akaike & Ohnishi, [133. The significance to this 
research is different in that the potentially large excursions 
of. Vj would result in an increase of junction capacitance over 
the zero bias value (Co -7 femto-Farads) of one or two orders 
of magnitude. Firstly this would swamp package and overlay 
capacitances, secondly these comparatively large values of 
capacitance (-200 femto-Farads) may well influence switching 
speed and conversion efficiency. For these reasons, voltage 
dependant capacitance has been included in the computer model. 
Authors, Held & Kerr 123, Crowe & Mattauch E143, and 
Akaike & Ohnishi E133, use a standard form for junction 
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capacitance, 
Ci = dQ/dVi = Co/(l - Vj/0)1ý1 -5.8 
where Co = is the zero bias junction capacitance. 
Vj = junction voltage. 
0= barrier potential. 
8= function of junction doping linearity. 
and the definition dQ/dVj is explained by Cherry E151. Ci 
can also be calculated as per Chaffin [63, and Sze 143, 
Ci = Atcs*q*Nd/2(Vdo - 
on the assumption that 8=0.5. This equation enables a 
calculation for Co. Additionally, since Akaike & Ohnishi, and 
Held & Kerr discuss the instances when 8=0.5 or 0.33, or 
where 8= f(Vi) then the data accumulated from this research 
will be used in an attempt to establish the correct 8 for this 
type of diode, for incorporation into the model. The value, or 
function, for 8 is derived from a plot of Ci against Vi. 
5.3.6 Packaqe Parasitics, Cp, Lp. 
Capacitance of the empty alumina package is not difficult 
to measure since there are no complicating factors such as 
voltage variable conductance. 
An estimate of bondwire inductance has been made by Climer 
E163, using accepted microstrip equations, the suggested figure 
is 0.33 nano-Henries. 
5.4-Practical Measurements; test methods and results. 
--. The purpose of these tests was to evaluate each diode 
parameter practically so that the correct value or theoretical 
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law may then be attributed to it for incorporation into a 
composite computer model of the sampling process. Once the 
performance of the composite model is validated against the 
practical measurements at 35 GHz then limited predictions about 
actual sampling diode efficiency etc. can be made. Physical 
parameters relating to the diode type are specified in table 
5.1. 
5.4.1 V-I Measurements. 
Two diode parameters, Io, and 'n' value may be derived 
from a plot of diode current against terminal or junction 
voltage. The current range used in this instance was -O. InA to 
10mA in the first instance, and 1mA to 20mA in 2mA steps when 
clarification of the trend in series resistance increase became 
necessary. The plot at low current values enables 
extrapolation to find Io, while knowledge of the best fit 
straight line, excluding deviations at the current extremes, 
enables calculation of I n' value. Series resistance can be 
calculated once the slope is known, as can Gi. 
To enable currents of O. 1nA to be realised, an ideality 
test circuit was used, as specified by MEDL during the 
development of GaAs diodes, 1173. The voltage source is a lead 
acid cell, this precaution being taken to minimise the 
likelihood of 50Hz or other mains borne interference inducing 
errors at such low levels- of current. -The test circuit 
suggests that a voltage measuring device with an input 
impedance of 10000 Megohms would not introduce significant 
error; the instrument used was a Hewlett Packard HP3468B 
digital multimeter. Set values of current from O. 1nA to 10mA 
in 192,5 sequence were selected by switched resistors of <1% 
accuracy and by the variable voltage control. Nine sample 
diodes from the same MEDL production batch (SIL 1300) were 
measured for terminal voltage and forward current. Five of the 
diodes were bonded for dot 4 and four were bonded for dot 7; 
all were bonded into L. I. D. packages. Figure 5.6 shows the 
results for diode terminal voltage plotted against log of 
current using the program D_C_ICHIP for each of the nine 
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DIODE 
PARAMETER 
SYMBOL THEORETICAL 
VALUE 
UNITS 
Package Type L. I. D. 
Substrate Silicon 
Barrier Material Nickel 
Junction Radius (nominal) r 1.5-2 microns 
Junction Permittivity Es 11.8-12 - 
Doping Density Nd 2x1011 per ml 
Barrier Height Obn 0.6 eV 
Work Function: semiconductor Os 4.5 eV 
Package Capacitance Cp 0.033 pF 
Package Inductance Lp 0.33 nH 
Effective Richardson Constant Aý/Ar 264 A/cm--/Ký' 
Richardson Ratio A-/A ratio 2.2 
Work Function: metal Om 5.01 eV 
Epi-Layer Thickness dl 0.25 microns 
Substrate thickness d2-dl 100-125 microns 
Epi- Resistivity rhol 0.6 ohm-cm 
Substrate Resisitivity rho2 5-8 mi-ohm-cm 
Substrate Dimensions 150x150 microns 
Oxide layer thickness t 0.2 microns 
Oxide Layer Permittivity Ep 3 
Table 5.1 DC15160 Diode PARAMETERS 
----------------------------------- 
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diodes. Consecutive traces have been offset by 0.1 volt for 
clarity. This program also calculates the best fit straight 
line for each set of diode data, compares the measured values 
with the equations 5.1 and 5.2 and prints Io, Rs, and 'n'. 
5.4.1.1 Results for Gi. 
Figure 5.7 shows the best fit straight line using a least 
squares curve fit technique, Stark [183, but excluding the 
seven points at the high current end and five points at the low 
current end of the 25 current data points taken for each diode. 
Systematic measurement errors are clearly quite small since 
there are few points that are not co-incident with the best fit 
line. Despite the fact that the test procedure necessitated 
switching between ten reference resistors, and several D. V. M. 
ranges, good agreement has been achieved here. 
Figures 5.8 and 5.9 indicate the agreement between 
measured values and those predicted by Rhoderick's equation 
(5.2), and equation 5.1 respectively, excluding the Vi - IRs 
correction to account for high current deviation. These 
equations incorporate the measured values (section 5.4.1.2-3) 
of Io and .nI appropriate to each diode, and the overall 
agreement is good. There is no discernable difference between 
the two equations; Rhoderick's version will therefore not be 
used again. 
Using slope and intercept, n' and Io can now be 
calculated. Using equation 5.1 for I= f(Io, n, Vi), Rs can be 
calculated. 
5.4.1.2 Results for 'n' value. 
The value of 'n' is computed using equation 5.4. Results 
for nine diodes are tabulated overleaf, 
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1.4 
Junction 
O-Z ------ 
DOT4 DIl 
DOT4 D12 
DOT4 DI3 
DOT4 D14 
DOT4 D15 
DOT7 DI1 
DOW D12 
DOW DI3 
DOW D14 
5.4.1.3 Results for Io 
N 
Table 5.2a 
Ideality 
Factor 
1.064 
1.045 
1.050 
1.056 
1.061 
1.067 
1.074 
1.083 
1.073 
Practical results for Io are tabulated below in table 
5.2b. 
Junction 
DOT4 D11 . 0955 nA 
DOT4 D12 . 166 nA 
DOT4 DI3 . 18 nA 
DOT4 D14 . 169 nA 
DOT4 D15 . 129 nA 
DOW DI1 . 051 nA 
DOW D12 . 05 nA 
DOW DI3 . 068 nA 
DOW D14 . 049 nA 
Table 5.2b 
- Equation 5.5a shows that the nominal value of saturation 
current for a junction of diameter 4 microns should be 0.1075 
nA, in practice it varies substantially from junction to 
junction and between diode junction diameters as is evident 
from table 5.2b. This data shows the measured average for dot 
7 is 0.0545 nA and for dot 4 is 0.148 nA. Table 5.3a compares 
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this average value with calculated figures for Io based on the 
areas of four junctions whose barrier and overlay metals were 
etched away. 
Junction diameter Io Io 
reference microns Theoretical Measured 
Dot7DIG 1.71 0.0079 nA 0.055 nA 
Dot7DI6 1.58 0.0068 nA 0.055 nA 
Dot4DIG 3.68 0.0366 nA 0.150 nA 
Dot4DI6 area 22.5 sq 0.2439 nA 0.150 nA 
Table 5.3a 
Measured values are 6.96,8.08,4.1 (and for the abnormal 
junction of Dot4 D16) 0.62 times the predicted values. It is 
unlikely that the tested devices, listed in Table 5.2b would 
exhibit the same abnormal junction format as Dot4 D16 and 
therefore Dot4 D16 cannot realistically be used for comparing 
theoretical and practical figures of saturation current. The 
discrepancies noted above are large; according to equation 
5.5a, lo is directly proportional to four parameters, i. e., 
junction area, 
effective Richarson constant, 
diode temperature squared, and, 
e-C: 1 %mm Z sc Ir 
A high degree of confidence exists in the practical values 
for Io for several reasons, i. e., they are consistent from 
diode to diode, the best fit straight line suggests low 
systematic error, and they agree with results for similar 
devices at MEDL. In addition, the effective Richardson 
constant is well defined, as is the barrier height. It seems, 
then, that in calculating a theoretical value for Io one has to 
incorporate an effective junction area, Ae, since device area 
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is clearly greater than that observed using an S. E. M. Such 
discrepancies in apparent area are likely to occur for two 
reasons; 
a) The fact that area 'A' is that of the vacuum 
evaporated nickel contact and not the crossectional area of the 
depletion region under reverse bias, and, 
b) the fact that alloying between nickel and silicon will 
occur causing the actual contact area to be less well defined, 
i. e. it will be increased by some indeterminate amount. 
In terms of junction area percentage, these will be more 
significant for millimetric diodes. In order to reconcile 
practical and theoretical Io, these two effects would need to 
increase device area by - 2.5/2.8 times for a Dot 7 diode, or 
-2 times for Dot4. 
Equation 5.5a shows saturation current to be highly 
dependant on temperature. The figure used to calculate 
-theoretical Io using equation 5.5a was 297 Kelvin, this being 
estimated ambient. A discrepancy of only 3 degrees between 
ambient and actual junction temperatures would alone cause 
measured Io to exceed predicted by 29%. It might also be 
argued that there will be an additional contribution to 
junction temperature as a result of localised power dissipation 
within this small area. Since however this would distort the 
linear portion of the V-I characteristic, and secondly because 
saturation current is determined from extrapolation of low 
current (nA) characteristics, this argument cannot be 
justified. 
5.4.1.4 Results for Rs. 
, 
Referring to figure 5.7 the program D_C_ICHIP is used to 
calculate deviation from the best fit straight line for each 
diode. It was found that several attempts were necessary in 
order to obtain an acceptable best fit line. Non-linearities 
shown at either current extreme have been excluded, since their 
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position is not a result of systematic error but a known 
effect. Only trial and error can determine which these are. 
Having removed points between 0.1 mA and 10 mA and points 
between 2 nA and 0.1 nA the sub_routine Best-fit uses a 
standard technique, Stark [183, to draw the best fit line. it 
is then used to calculate difference between measured terminal 
voltage V-exp(I) and the calculated junction voltage 
Best-volts where, 
Best-volts = (Best-current - Ao)/Al 
Dividing this by the corresponding measured current 
Log_i(I) gives a value for Rs at each current point. 
Figure 5.10 illustrates the variation of series resistance 
with terminal and junction voltage for current upto 10 mA., 
plotted using the program RS-IDALTY (not listed here). Having 
calculated actual junction voltage Best_volts, it was apparent 
that this was not close enough to barrier voltage to be of 
value. The performance of the diode for Vi - Obn was of 
particular interest in this research since theoretical 
calculations of Rs show a rapid increase close to Obn; authors 
generally assume that this region is of no interest. Further 
measurements were therefore taken in 2 mA steps from 1 mA to 20 
mA. Rs was calculated using the program D_C_ICHIP2 (not 
listed) and plotted using the program RS-20-1 (not listed) 
results are shown in figure 5.11. 
Clearly there is a grouping for dot 4 and dot 7 diodes; 
as one would expect from equation 5.7 the nominally 5.5 micron 
diameter dot 7 junctions give substantially greater Rs than the 
7 micron dot 7 junctions. The ratio of Rs(dot7) to Rs(dot4) 
is nominally 2.29 for figure 5.10 and 2.51 for figure 5.11. 
The theoretical ratio can be calculated using equation 5.6 in 
conjunction with measurements of junction diameter of 
comparable diodes using a S. E. M., and processing parameters 
from table 5.1. After etching away the gold contact layer and 
nickel barrier layer using an iodide gold etch it is possible 
to measure the dimensions of each junction. These are not 
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ýlways circular as is evident from figures 5.12 and 5.13. 
These S. E. M. photographs are for dot 4 and dot 7 of diodes 6 
and 8 which were not succesfully electrically tested but are 
from the same production batch. Based on the measured values 
of 1.60 microns diameter for diode 8 dot 7 and 3.68 microns 
diameter for diode 8 dot 4, the theoretical ratio of the 
dominant spreading resistance is 2.29. This shows good 
agreement with the calculated ratio of measured values of Rs 
stated above, and suggests that the equation for spreading 
resistance is correct in part. Later calculations show 
discrepancies in theoretical and practical values for absolute 
Rs. 
Observation of the first factor in equation 5.6 in more 
detail, along with table 5.1 and the S. E. M. photographs yield 
the following figures for resistance of the undepleted epitaxy, 
(dl - W)/(FIA = 0.006(0.25 - W)/IIX x rý 
where depletion width W= (2gs(Vdo - ViUqNd)"'ý 
so W=0.80807(0.6 - Vj)*-'-'2 
and this yields table 5.3b, 
vi theoretical W (dl - W) Spreading Resistance 
volts microns microns dot 7 dot 4 
0.0 0.626 0 0 0 
0.3 0.443 0 0 0 
0.5 0.256 0 0 0 
0.5043 0.250 0 0 0 
0.52 0.229 0.021 62.7 11.85 
0.54 0.198 0.052 155 29.33 
0.56 0.162 0.088 263 49.64 
0.58 0.114 0.136 406 76.72 
0.60 0.0 0.250 746 141.0 
Table 5.3b 
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This shows that theoretical depletion width is equal to 
0.25 microns for a junction voltage of 0.5043 volts, and that 
theoretical depletion width exceeds epitaxial layer thickness 
for Vj < 0.5043; this is not possible in practice. This type 
of diode is therefore a MOTT structure, Rhoderick 133, Maas 
153, Keen [193. Observation of figures 5.10 and 5.11 show a 
marked increase in Rs at a forward voltage of -0.5 volts, this 
tends to confirm the above calculations and validates this 
aspect of the series resistance law against measured values. 
Although the upturn in Rs is explained by increased 
resistance in the epi-layer, this contributes no significant 
resistance for Vi < 0.5043, and there still exists a 
discrepancy between measured and theoretical Rs for low Vi. 
Equation 5.6 includes a term for substrate resistance, 
substrate resistance = W2 - dl)/a=Ad 
and from table 5.1, 
substrate resistance = 125x5OxlO-lzz/Ad = 0.278 ohms. 
. , 
Clearly this is not significant. The resistance of the 
silver epoxy used to bond the diode chip to its package has a 
resistivity of 0.0001 ohm-cm and therefore contributes 0.001 
ohms to Rs. 
,. The final factor in equation 5.7 is spreading resistance, 
this is caused by the constriction imposed through the high 
aspect ratio of junction area to substrate area ref Holm 183. 
Spreading Resistance = I/Mumr) - 5.9 
Using measured values for junction diameter and the likely 
extremes of am, 
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Dot Size Diameter Resistivity Rs ohms 
7 1.6 microns 5 milliohm-cm 15.625 
7 1.6 microns 8 milliohm-cm 25 
4 3.7 microns 5 milliohm-cm 6.79 
4 3.7 microns 8 milliohm-cm 10.87 
Table 5.3c 
Thus the absolute theoretical values for series resistance 
shown in Table 5.3c are rather less than the practical values 
shown in Figures 5.10 and 5.11, the latter being higher than 
theoretical by 2.4 times for dot 7 and 2.1 times for dot 4. 
This difference may be attributable to an error in either 
quoted resistivity or in the equation for spreading resistance. 
Discussions at MEDL E243 indicate that the quoted value of 8 
milliohm-cm for substrate resistivity is valid, and that this 
form of the spreading resistance equation is in common use. 
The observed differences are most probably due to a 
simplification in the calculation of un-depleted epi-layer 
resistance. Equation 5.6 indicates that when depletion width W 
equals epi-layer thickness, dl, then no resistance will be 
contributed by the epi-layer, whereas high values of series 
resistance will be introduced as the depletion width recedes 
into the epi-layer. This argument is only valid for an abrupt 
transition in doping density between the high conductivity 
substrate material and the more lightly doped, low conductivity 
epi-layer. The depletion layer is prevented from impinging 
into the substrate by virtue of the high doping level there. 
If the junction were not so abrupt then its contribution to 
resistance of the epitaxial layer with respect to junction 
voltage, Vj, would follow a different law. For the case of an 
abrupt junction, contribution is invariant for Vj <= 0.5043 
volts, increasing rapidly as per table 5.3b for Vj > 0.5043 
volts., In the case of a non-abrupt junction then an 
intermediate law for Rs = f(Vj) will prevail as depletion width 
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; approaches the epi-layer thickness. This is in part validated 
by virtue of the fact that device capacitance (Cj - Cp) is not 
fully invariant with negative junction voltage, see figure 
5.14. This indicates that the epitaxial layer is not fully 
depleted at zero bias as is predicted from the calculations in 
section 5.4.1.1. 
From figure 5.10 it will be noted that there is an 
apparent increase in series resistance for low values of Vt, or 
Vi. Observing figure 5.7 it will be apparent that as diode 
current approaches 0.1 mA so the differential between 
'best-fit' and measured response increases above zero. The 
differential voltage at this point is nominally 1 to 3 mV and 
therefore the calculation of Rs at this point is not reliable. 
However, Held and Kerr [23 do report that the effect of current 
induced local heating at even moderate d. c. currents is to 
reduce apparent series resistance, see section 3.2.2. 
5.4.2 Junction Capacitance/ Junction voltage measurements. 
it is important to verify agreement of theoretical 
predictions and practical measurements for junction capacitance 
as Vi approaches the barrier voltage; such large values of Ci 
are expected to significantly influence conversion efficiency 
and switching speed. 
5.4.2.1 Ci-Vi de-embedding at I MHz. 
The first attempt to measure Ci as a function of Vi was 
made using a Boonton 72BD capacitance meter. This meter 
produces a voltage proportional to the differential susceptance 
between two test ports, one of which includes the test 
capacitor. Test frequency is I MHz at a test amplitude of 15 
mv. Amplitude of the test signal is important since it could 
significantly affect Ci for Vi close to the barrier height. 
How low the signal level can be is governed by the measurement 
system. Practical results are shown in figure 5.14, excluding 
the added jigging and package capacitance which are 24 
femto-Farads and 35 femto-Farads respectively. The dot 7/dot 4 
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ýgroupings are by no means clear, four of the five dot 7 
'junctions are minimum capacitance, but equally one of the dot 7 
chips exhibits the highest capacitance of all eleven samples. 
A clear examination of typical junction diameters is possible 
using the S. E. M. data of figures 5.12 and 5.13. These show 
actual junction dimensions for two dot 4's and two dot 7's. 
Junction diameter and theoretical zero bias capacitance are 
tabulated below, 
Junction 
Dot4DIS 
Dot7DI6 
Dot4DIS 
Dot4DI6 
Junction Dimensions Theoretical Co 
1.71 microns dia 
1.58 microns dia 
3.68 microns dia 
-3 x 7.5 microns 
Table 5.3d 
0.93 femto-Farads. 
0.77 femto-Farads. 
4.20 femto-Farads. 
8.88 femto-Farads. 
where Co is calculated as a parallel plate capacitor. 
Additional to this is the overlay capacitance caused by nickel 
and gold overlays on top of the Silicon Dioxide passivation 
layer, for the barrier and electrical contact respectively. 
This is measured from S. E. M. data of figures 5.15 and 5.16, 
Overlay capacitance = EsEoA/t - 5.10 
where Es is the permittivity of Silicon Dioxide (figure 5.4), 
A is the area of the overlay annulus, 
t is the Silicon Dioxide layer thickness, 0.2 microns. 
whereby overlay capacitance is tabulated below, 
Junction Overlay Dimensions Area 
(sq m) 
Dot7DIB 14 x 20 microns 2.34E-10 
Dot7DI6 14.58 microns dia 1.67E-10 
Dot4DIG -21.80 microns dia 3.20E-10 
Dot4DI6 -22.12 microns dia 3.29E-10 
Overlav Caoacitance 
(Femto-Farad) 
30.77 
21.90 
28.40 
40.40 
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6C DOT4 
Figure 5.1.5 S. E. M. Photograph showing 
Overlay dimensions for diode GC 
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ýJ-6. 'LjL GC DO-1 ý 
DIODE 8D DOT4 
T 
LODL 
ULý LIO 
Figure 5.16 S. E. M. Ph otograph sh owinq 
Overlay dimensions for diode 8D 
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and is illustrated in figure 5.14. Despite the inclusion 
of overlay there is still a discrepancy of typically 20/25 
femto-Farads between theoretical and practical values of Ci. 
No account however has been taken of the fact that etching 
through the passivation layer creates a conically profiled 
hole; this would cause the overlay capacitance to be greater 
than that for a cylindrical hole. Similarly there is no 
allowance for the effect of capacitance between the 0.00033 
inch diameter gold bondwire and the alumina package. 
Copeland's equation, section 3.3.8, will also influence this. 
The practical results show a rapid increase in apparent 
junction capacitance at -0.2 volts whereas theory predicts the 
increase will occur at a junction voltage approaching the 
barrier height (0.6 volts). The Boonton meter is able to 
resolve capacitance to a stated accuracy of +/-(5fF + 0.5%) 
femto-Farads, for a '0' factor as low as unity in the test 
capacitor. When forward bias is applied to the test diode then 
junction conductance will begin to shunt junction capacitance 
and reduce overall '0'. Both package inductance (-0.33M) and 
package capacitance will also affect '0' factor. The diode 
model of figure 5.3 does not readily fall into either a 
parallel or series L-C-R circuit format. For the case where 
package/overlay capacitance and junction conductance are the 
dominant parallel components, then the '0' of this simplified 
parallel circuit would be, 
'0' parallel = w*Cp*(1/6j), 
where, 
1 MHz 
Cp = 33 f F, 
-and so when 0=1, Gi = 0.22 micro-Siemens, or Ri = 4.55 
megohms. From equation 5.3,1 = 0.026/Ri = 5.714 nA, log(I) = 
-8.243, and therefore from the first characteristic line of 
figure 5.7, Vj(Q=l) = 0.130 volts. 
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Using' this equation then, '0' equals unity at a junction 
oltage of 0.130 volts. This is broadly in agreement with the 
oint at which practical measurements using the Boonton I MHz 
bridge cease to be of value, i. e. 0.1 volts, see table 5.5. 
The Boonton meter will respond only to susceptance at its 
test port and therefore the admittance of the test diode will 
be interpreted as susceptance. The measured apparent rapid 
rise in capacitance can be explained by studying the admittance 
of the diode equivalent circuit using the computer model both 
for low and for high values of junction bias. The impedance of 
the parallel junction components Ci and Ri is, 
and Zi = Zire + jZjim = Rj(l - jwCjRj)/(l + (wCjRj)ý) 
then the diode terminal input impedance, Zd, is, 
Zd = (Rs + Zire) + i(wLp + Zjim) 
- -5.11 
(1 - wýLpCp - wCpZjim) + i(wCpRs + wCpZjre) 
Firstly, printed values show that as one would expect, for 
low values of Vi, equation 5.11 reverts to 
Zd (Rs + jZjim) 
(1 - (jýCpZjim + jwCpZjre) 
whereby admittance is, 
Yd = Zire - jZjim + jwCp -5.12 
Zjre2 + Zjim2 
this will be interpreted by the Boonton meter as 
susceptance, Bd = 2WC which is dominated by Z+ jwCp. Using 
values printed from program EQ-CAPCT (table 5.4) for Vi =0 
volts then, 
Yd = 5.215 /89.43 deg 
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Junction Calculated De-embedded 
Junction Apparent 
Voltage Capacitance Capacitance 
(volts) (M QF) 
(3 
02 
04 
. 06 
. oe 
.1 
. 12 
. 14 
. 16 
. 18 
2-2 
. 24 
. 26 
. 28 
. 752 
. 34 
. 36 
. 7.8 
.4 
. 42 
. 44 
. 46 
. 4E3 
.5 
.52 
. 54 
. 56 
. 58 
7.01 
7.1-7' 
7.26 
7.4 
7.5 
7.7 
7.8 
B 
0.2 
8.4 
0.6 
B. (3 
9.1 
9.3 
9.6 
9.9 
10. Z, 
10.7 
11.1 
11.6 
12.1 
12.8 
13.6 
14.5 
15.7 
17.2 
19.2 
22.21 
27.2 
38.4 
. 037 
. 0. -77 
* 0-37 
* 038 
* 039 
. 045 
. 065 
. 12 
. 23 
. 48 
1 
4.4 
9.2 
19 
40 
E33 
170 
7,40 
660 
1200 
2000 
1900 
3700 
4-700 
4600 
4800 
4900 
4900 
5000 
Table 5.5 Actual & De-embedded Ci @1 MHz 
----------------------------------------- 
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and the capacitance that would yield a susceptance equal 
to the modulus of Yd would be 37 femto-Farads. This is equal 
to the sum of Ci and Cp in the computer model, and illustrates 
that accurate de-embedding of Ci is possible for low Vj. 
Further manipulation of equation 5.12 yields, 
lYdl = M/Rjý) + cd2(Cp + Cj)011" -5.13 
which shows clearly that provided Rj is large then 
capacitance measured at the package terminals will equal Cp + 
Ci. For the case where Vi is high then equation 5.11 reverts 
to, 
Zd = (Rs + jwLP) 
(I + jwCpRs) 
. 
this figure will be dominated by package parasitics and 
series resistance. Using values from table 5.4, 
Yd - 1/(Rs - jwLP) 
so Yd(@ Vi = 0.580v) - 0.0313 /0.011 deg 
and the capacitance whose susceptance, 2*n*f*Ctest would 
be equivalent to this admittance is 4.97 nano-Farads, clearly 
this is not representative of Ci. 
These two illustrations show the limitations of using 
susceptance measurements at 1 MHz for de-embedding Ci at high 
forward bias. When the program EQ-CAPCT is used to calculate 
Ctest as above over the junction voltage range 0 volts to 0.580 
volts (table 5.5) then Ctest fails to approximate (Cj + Cp) at 
a junction voltage of only 0.080 volts (see figure 5.14). A 
rapid increase in Ctest occurs at 0.11 volts; the reason for 
this becomes clear when the table of Yd v. Vi and frequency is 
studied, see table 5.6. 
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Vi = . 001 volts, 4=1 MHz. 
Zd = (Rs + Zire) + j(wLp + Zjim) 
(1 - wý'LpCp - wCpZjim) + j(wCpRs + wCpZjre) 
so Zd (32 + 2.05E6) + i(O. 006 - 2.25E7) 
(I - 1.1BE-9 + 4.25) + j(6.03E-6 + 0.387) 
Vi = . 58 volts, f=I MHz. 
Zd = (32 + 0.1) + J(0.006 - 4.15E-9) 
(1 - 1.1GE-9 + 7.82E-16) + j(6.03E-6 + 2.47E-B) 
Vj = . 001 volts, f=1 GHz. 
Zd (32 + 2.1) + j(6.3 - 22700) 
(I - . 00188 + 4.29) + i(O. 006 + . 00039) 
Vi = . 58 volts, +=I GHz. 
Zd (32 + 0.1) + j(6.28 - 4.15E-6) 
(I - . 00118 + 7.82E-10) +j(0.006 + 2.47E-5) 
Table 5.6 Summary of Zd as a function of Vj and f. 
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It can be seen that even when Rs +Zjre (equation 5.11) is 
dominated by Rs (0.00 volt, I GHz) then fidelity is still 
maintained for low values of Vi. However, when both Zjre and 
Zjim are swamped by both package parasitics and Rs (0.580 
volts, 1 MHz and 1GHz) then fidelity is lost since 1Zd1 is 
then dominated by parasitic reactance. The rapid increase in 
measured Ci occurs not at 0.11 volts but -0.16 to -0.25 volts. 
This spread results from the previously observed variation in 
Io and 'n' value. 
One might expect that an increase in test frequency would 
enable measurement fidelity to be maintained to a higher value 
of Vj. Table 5.7, illustrates that fidelity in the computer 
model is maintained upto 0.260 volts -for a model test frequency 
of 1 GHz. This is because at 1 GHz the factors wCpZjim and 
wCpZjre in table 5.8 are still significant and have changed 
little in value relative to their zero volt level. The 
equivalent 1 MHz figures change by between two and four orders 
of magnitude for the same change in Vi, see table 5.8. This in 
turn is caused by the change in the ratio 
1: (taCjRj)-0 
which differs by a factor of 1,000,000 for a frequency 
increase of 1000 times and therefore affects the rate of change 
of Zjim with respect to Vi. 
Using these early test results for Ci vs. Vj the Simplex 
curve fitting technique E203 was used in an attempt to produce 
best fit values for Co, 0 and N. It is generally the case that 
there is a discernible variation of Schottky barrier junction 
capacitance with increasing negative bias. This law can be 
extrapolated to yield Co and 0, Maas E53, Schneider E73. 
However, measured Ci (Figure 5.14) and theoretical 
calculations of depletion width W, with respect to junction 
voltage and epi-layer thickness (section 5.4.1.4) indicate that 
minimal variation in junction capacitance will occur for low or 
negative bias since the junction is fully depleted at zero 
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Junct i on C'al cul at ed De-embedded 
Jiunction Apparent 
Vr-ltage Capacitance Capacitance 
(vol ts; ) (f r) (pF) 
0 
. 02 
. 04 
. 06 
. 0E3 
. 14 
. 16 
. la 
* 22 
* d2-4 
. 26 
29 
Z, 
. 32 
. 7,4 
. 76 
. z's 
.4 
. 42 
. 44 
. 46 
. 48 
.5 
. 52 
. 54 
. 56 
. 5B 
7 
7.1 
7. ' 
7.4 
7.5 
7.7 
7.8 
0 
8.2 
8.4 
8.6 
E3.0 
9.1 
9.3 
9.6 
9.9 
10. Z, 
10.7 
11.1 
11.6 
12.1 
12.8 
13.6 
14.5 
15.7 
17.2 
19.2, 
22.22 
27.2 
38.4 
. 037 
. 037 
03 7 
0 37 
. 038 
03.8 
038 
. 03.8 
. 0318 
. 01-8 
. 0". -9 
. 039 
. 0319 
. 04 
. 044 
. 056 
. 092 
170 
340 
660 
1200 
2000 
1900 
3700 
4 2.0 0 
4500 
4700 
4800 
4BOO 
4900 
Table 5.7 Actual & De-embedded Ci @1 GHz 
----------------------------------------- 
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bias. This diode is therefore described as a MOTT structure 
Maas 153, Schneider E73, Keen 1193, and as such will not enable 
the, computation of Co and Obn because the factor 
1/Cjm, 
ýis invariant with negative Vi. For this reason the 
SIMPLEX curve fit failed to find unique values for any of these 
important parameters because there was no discernable curve. 
One further consideration is that in order to plot, 
1/cjý = f(vi) 
, it is necessary to assume that the index 8 is. 0.5. For 
reasons mentioned in section 5.3.5 this cannot be assumed. 
5.4.2.2 Ci-Vi de-embedding at 2- 22 GHz. 
, As a result of the limitations in measuring Ci of packaged 
chips at 1 MHz and 500 MHz, an alternative de-embedding 
technique was sought. 
The first requirement for improved assessment of Ci at 
high, Vj was judged to be the removal of package parasitics. A 
review of existing production capacitance measurement 
techniques showed that substantial jigging errors were likely 
to be incurred using available probing equipment for chip level 
testing. This was caused principally by the unavoidable 
inclusion of 50 ohm co-axial cables in the test bench meaning 
that large errors in the measurement of low femto-Farads were 
certain to occur, as specified by Boonton, E233. Attempts were 
made to measure 1 MHz capacitance by probing but repeatability 
was unacceptably low. An assessment was made of the Houlding 
and De Loach techniques C213,1223. The De Loach method, for 
characterisation of 600 GHz varactor diodes at zero bias is 
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aýpropriate here. This requires the diode to be mounted in to 
1ý1 
reduced height waveguide and the resulting insertion loss and 
djý I 
bandwidth to be measured using a scalar analyser at -50 GHz. 
1ý I 
JResonant frequency is determined by the series combination Lp, 
- Cj, and Rs since, at zero bias junction resistance may be 1ý 
nsidered infinite. Overall insertion loss enables the 
, calculation of Rs; bandwidth and resonant 
frequency enable the 
computation of Lp and Ci. The paper by De Loach describes the 
mounting of a cartridge diode into reduced height WG22 where 
the, cartridge contact spacing corresponds to the reduced 
ýýheight. 
Clearly this technique will not permit the exclusion 
of Cp. In the case of the L. I. D. packaged DC15160 a split 
block reduced height guide would be appropriate. The length of 
the L. I. D. package (2 mm. ) would determine the waveguide 
, narrow wall dimension, WG24 would be the closest standard size 
with a 2.388 mm. narrow wall tapering down to 2 mm. ' over a 
length of -4Ag. An estimation of the likely resonant frequency 
suggests 60 GHz therefore further tapers would be required down 
to W625 or smaller and subsequent evaluation on a scalar 
analyser. The provision of special hardware would not be a 
problem although it is felt that the problem of Gi swamping Ci 
would remain unresolved. With the added hardware complexity 
and difficulty of applying d. c. bias, it was felt that De 
Loach offered insufficient advantages over susceptance 
measurement. 
Consideration was given to the application of De Loach to 
a waveguide mounted diode chip. This chip is a 0.006" cube and 
it could therefore be mouhted beneath two back-to-back WG23 
stepped ridge transitions separated by -4A and then tapered 
into WG25, WG26, or WG27. This would minimise the effect of 
parasitics but would be particularly difficult to d. c. bias in 
view if the -10 micron contact area. 
, As part of the HP4191A 500 MHz impedance test bench custom 
diode mounts can be configured to accommodate non-standard 
diode packages into an APC-7 co-axial test jig. It was 
considered that this means of locating the diode was not 
sufficiently repeatable. 
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As a final choice it was decided to evaluate the diode 
impedance 911 by mounting it as a termination to a 50 ohm 
microstrip line on a 0.5 mm. thick alumina substrate. This 
solution was proposed by Climer 1163 as a refinement to the 
APC-7 jig discussed in the previous paragraph. It is believed 
that it has not previously been reported as a de-embedding 
technique for diode characterisation. This approach would 
enable accurate and repeatable assembly and measurement of the 
assembly using an HP8510B. The advantages are: - 
1) Package free, chip level evaluation, 
2) Ease of bonding to the chip, 
3) Ease of applying d. c. bias through the network analyser, 
4) Accessibility of other dots on the seven dot chip, 
5) High quality APC-7 test connector availability, 
6) 2- 22 GHz frequency measurement capability, 
7) Access to phase information, 
8) Highly accurate 6 vector corrected measurements. 
The chip/microstrip assembly is illustrated in Figure 
5.17. The microstrip line is gold epoxy bonded to the centre 
conductor of an APC-7 connector, and the appropriate diode dot 
is wire bonded to the other end of the microstrip line. 
Calibration of the HP8510B network analyser is accomplished by 
using in turn a nominally identical microstrip length 
terminated in an open circuit, short circuit, and a sliding 
load. This establishes a measurement plane at the open end of 
the test piece microstrip line at a point where the 0.00033" 
diameter gold wire bond is made. 
A provisional run of this measurement yielded a2- 22 GHZ 
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Cr 
Figure 5.1ý Photograph showing 
chip on microstrip test ýiq 
<::; P , 10 , 
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response with several apparent resonances, and not the 
continuous response that was expected, see figures 5.18a, b. 
Subsequent investigations showed that there were cracks in the 
gold epoxy used to attach the co-axial inner. This was caused 
by rotation of the co-axial inner. All four were renewed. 
Figures 5.19a to 5.19k show S11 for the assembly referred 
to the microstrip/bondwire interface for various values of 
diode terminal voltage. Frequency markers are defined below, 
Marker 1=4 GHz, 
Zý 
Marker 2=8 GHz, 
Marker 3= 12 GHz, 
Marker 4= 16 GHz, 
Marker 5= 20 GHz, 
and r. f. test power level was -25 dBm. across the band. 
The d. c. resistance between d. c. voltage source and diode 
chip was measured as 3 milli-ohms. The test diode was dot 4 
bonded with 0.0003311 gold wire, kept as short as possible, its 
length was nominally 0.3 mm. 
Clearly the trend of these graphs is as expected in that 
high reactance changes to low resistance with increased forward 
bias. Little change in impedance occurs below 0.25 volts and 
the first noticeable change occurs at 0.3 volts. Each of the 
six graphs a to f show deviation from the expected trend above 
12 GHz, this is believed to be a result of; 
a) Inconsistencies in the build standard of each of the 
microstrip test jigs, (open circuit, short circuity sliding 
load, or diode test circuit). Each of these include epoxied 
bonds between the APC-7 connector and the microstrip track, and 
epoxy bonding of the alumina thin film onto its gold plated 
aluminium housing. Such discrepancies are impossible to 
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REFI"1.0 Units Figure 5- 18 
200.0 mUnits/ 
ýp 
c 
FIGURE 5. lBa RESONANCE 
EFFECT OF DEFECTIVE 
GOLD EPOXY CONTACTS. 
Sil z 
REF 1.0 Units 
200.0 mUnits/ 
hp 
FIGURE 5.18b RESONANCE 
EFFECT OF DEFECTIVE 
GOLD EPOXY CONTACTS. 
START 2.00000"1000 GHz 
STOP 22.000OOdOOO GHz 
START 2.000000000 GHz 
STOP 22.000000000 GHz 
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REF 1.0 Units Fi gure 5 19 5 ýl 200.0 mUnits/ 
1 2.465 0 -68-613 Q 
ýMARKER 
20.0 GHz\ 
---Z: 
ZNP 
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4 FIGURE 5.19a HPB510B Sll 
L'7ý 
RESPONSE OF DOT4 CHIP 
START 2.000000000 GHz FOR Vj = Ov. STOP 22.000000000 GHz 
Sil z 
REF 1.0 Units 
5 200.0 mUnits/ V 
13.32 C2 -64.223 C2 
C 
START 2.000000000 GHz 
STOP 22.000000000 C3Hz 
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FIGURE 5.19b HPOSIOB Sil 
RESPONSE OF DOT4 CHIP 
FOR Vj - 0.2v. 
sli z 
REF 1.0 Units 
5 200.0 mUnits/ V 
15.012 0 -62.391 0 
C 
III Ar ý "'o 
lo, 
FIGURE 5.19c HPB510B Sll 
RESPONSE OF DOT4 CHIP 
START 2.000000000 GHz 
STOP 22.000000000 (3Hz FOR Vj- 0.25v. 
Sil z 
REF 1.0 Units 
5 200.0 mUnits/ V 
21.229 Cl -59.635 Q 
* 
C 
FIGURE 5.19d HP8510B Sll 
RESPONSE OF DOT4 CHIP 
START 2.000000000 GHz 
STOP 22.000000000 GHz FOR Vj - 0.30v. 
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Sil z 
REF 1.0 Units 
5 200.0 mUnits/ V 
41.961 Q -47.654 Cl 
Ii 
ý- -t -::: 
ý: - 
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4 
FIGURE 5.19e HPB510B Sit 
RESPONSE OF DOT4 CHIP 
START 2.000000000 GHz FOR Vj - 0.35v. 
STOP 22.000000000 GHz 
Sil z 
REF 1.0 Units 
5 200.0 mUnits/ V 
54.193 Q -28.012 0 
* 
C 
FIGURE 5.19f HP8510B Sll 
RESPONSE OF DOT4 CHIP 
START 2.000000000 GHz FOR Vj - 0.375v. STOP 22.000000000 GHz 
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Sil z 
REF 1.0 Units 
5 200.0 mUnits/ V 
56.129 Q -G. 791 Cl 
c 
N, 
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FIGURE 5.19g HP8510B Sil 
RESPONSE OF DOT4 CHIP 
START 2.000000000 GHz FOR Vj - 0.40v. 
STOP 22.000000000 GHz 
sil z 
REF 1.0 Units 
5 200.0 mUnits/ V 
49.896 Q 8.9336 Q 
C 
FIGURE 5.19h HP8510B Sll 
RESPONSE OF DOT4 CHIP 
START 2.000000000 GHz FOR Vj - 0.425v. 
ST13P 22.000000000 GHz 
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sil z 
REF 1.0 Units 
200.0 mUnits/ 
42-912 Q 16.586 C2 
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FIGURE 5.19i HP8510B Sil 
RESPONSE OF DOT4 CHIP 
START 2.000000000 GHz 
FOR Vj - 0.45v. STOP 22.000000000 GHz 
Sil z 
REF 1.0 Units 
5 200.0 mUnits/ V 35.48 0 22.455 0 
c 
4. 
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FIGURE 5.19J HPB510B Sit 
RESPONSE OF DOT4 CHIP 
START 2.000000000 GHz 
STOP 22.000000000 GHz 
FOR Vj - 0.50v. 
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Sil z 
REF 1.0 Units 
5 200.0 munits/ V 
32.416 Q 23.922 Q 
C 
FIGURE 5.19k HPB510B Sll 
RESPONSE OF DOT4 CHIP 
START 2.000000000 GHz 
STOP 22.000000000 GHz FOR Vj = 0.55v. 
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quantify, althouqh they could probably be overcome by 
substantial changes to the design. This technique has much 
potential for future diode evaluation, and would therefore 
merit such attention. 
ý b) APC-7 connectors will not be identical, as has been 
assumed during calibration. 
c) The edges of each alumina thin film will vary, as will 
the damage done to the end of each gold track during sawing or 
laser cutting. 
Each of these will become more significant as the test 
frequency is increased. 
- To establish the cause of such deviations and the 
previously mentioned resonances would require complete 
re-assembly of all three microstrip test jigs and has been 
excluded through lack of time. As a result of this the 
, 
impedance figures above 12 GHz will have to be used with due 
caution. Generally speaking, results for S11 upto and 
including Vj = 0.25 volt, (figures 5.19a to 5.19c) show the 
trace over the full frequency range of 2- 22 GHz lying along 
the 0.35 constant resistance line of their respective Smith 
Chart. Scaling then to this 50 ohm measurement system, the 
,, 
diode chips are shown to exhibit constant resistance of -17.5 
ohms, ' and frequency variable reactance. This value for 
resistance compares with the -27 ohms resulting from the d. c. 
V- I-plots. As the diode is pushed into forward conduction, 
reactance becomes less significant since Cj is shunted by Gj; 
for the same reason changes in reactance across the frequency 
band decrease in, for instance the 0.375 volt graph. At 0.425 
volts,, the reactive content is -0 suggesting that at all 
frequencies 
wLb = I/G)Cj 
where Lb is bondwire inductance. At this point the diode 
is a, near perfect 50 ohm match. 
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Further increase in 
the resistive component 
with the -30 ohms d. c. 
frequency variable and 
bondwire inductance Lb. 
nH. 
bias voltage causes a stabilisation of 
at -30 ohms, which is in fair agreement 
measured value. Reactance is again 
is now positive, and is caused by 
Its value has been estimated as 0.33 
Additional to bondwire inductance there will be 'end 
effect' capacitance attributable to fringing effects between 
the open ended microstrip and its ground plane. This has been 
measured using the 8510B after disconnection of the diode 
bondwire at the microstrip/bondwire interface. Figures 5.20a, b 
show S11 and phase/frequency for the test jig under these 
conditions. It will be noted that part of the Smith Chart 
response falls outside its periphery. This is consequence of 
the fact that the HPe51OB Smith Chart is calibrated using an 
imperfect short circuit, open circuit, and sliding load in 
turn, whereas the real time measurement of end effect is made 
at the furthest possible point from each of these calibration 
references. Thus the worst case uncertainties of the 
calibration procedure are compounded with uncertainties in the 
desired S11 measurement. 
The purpose behind the above series of measurements is to 
de-embed Ci for junction voltages approaching the diode barrier 
height in order to verify equation 5.8. To interpret the 
results one has to assume -a -diode equivalent---circuit and 
de-embed the parameter of interest by comparison with the 
impedance of the computer model. It would be possible to 
manipulate the equation for theoretical impedance so that, when 
equated with the practical measurements, it yielded a value for 
Cj. 'This would not however give an overview of the validity of 
the, computer model over a wide range of terminal voltage and 
frequency. The approach that has been adopted is to overlay 
theoretical S11 for the computer model on the Smith Charts 
containing measured data. If one accepts the proposed diode 
equivalent circuit is representative, and that it contains all 
important parameters, then elements within the model may be 
adjusted for best fit between model and practical results. 
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REF 1.0 Units 
200.0 mUnits/ 
hp 
C 
Fi gure 5 . 20 
FIGURE 5.20a END EFFECT 
Sii 
REF 0.0 ' 
10.0 0/ 
C 
1-4 
START 2.000000000 GHz 
STOP 22.000000000 GHz 
Iz 
START 2.000000000 GHz 
STOP 22.000000000 GHz 
Page 156 
OF OPEN ENDED MICRO - 
STRIPLINE & BONDWIRE 
FIGURE 5.20b PHASE ANGLE 
OF OPEN ENDED MICRO - STRIPLINE & BONDWIRE 
Accordingly the program 22GHZSMTH2 gives the facility to 
plot impedance of the model described in figure 5.3 as a 
function of the following parameters, 
barrier height 0; Lp; Rs; 
C--Pverlay; Ciig; Co; Vi; 
Io; 'n' value; frequency 
qV/nkT; M 
Figures 5.21a to 5.21i illustrate the effect on S11 of 
varying the nominal values of most of these parameters, the 
direction of increasing frequency is as in figure 5.19. For 
each of these families of curves, the effect of increasing the 
magnitude for each of the parameters in question is indicated 
by arrowhead direction. These graphs reflect the expected 
results for the extremes of terminal voltage, that is, Rs is 
not significant at low Vj but is significant at high Vi. 
Conversely, Co and C-over are significant at low Vj, but not 
high Vi. Some parameters are surprisingly significant and the 
model is highly sensitive. By adjusting for optimal fit at all 
frequencies and voltages a unique set of diode parameters is 
achieved that adequately describe the performance of the diode; 
these are summarized in table 5.9. Discrepancies will be 
noticed above 12 GHz and this validates previous comments 
concerning uncertainties above this frequency. Remaining 
discrepancies between modelled and measured results may only be 
attributed to imperfections in the computer model, that is, 
omissions in the model relative to the microstrip test piece or 
the diode core. Overlays of model response on practical 
results are in figure 5.22a-1 for the full voltage range. On 
the whole agreement is good up to 12 GHz and this implies that 
the equation for Cj=f(Vj) is acceptable to 12 GHz and 0.591 
volts. 
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Fi gure 5.2 1 
.8 
0 
-. 8 -1 
Figure 5.21a Effect of increasing Lp from OnH to 0.3nH 
(Vj - OV, 0.35V, OAV, & 0.55V) 
8 
-. 8 -I 
Figure 5.21b Effect of Increasing Rs from 20 ohm to 40 ohm 
(Vj - OV, 0.35V, OAV, & 0.55V) 
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8 
-. 8 -I 
Figure 5.21c Effect of increasing Cjtg from 50 fF to 70fF 
(Vj - OV, 0.35V, OAV, & 0.55V) 
.9 
0 
-. 8 -I 
Figure 5.21d Effect of varying Vj error from -5mV TO +5mV 
(Vj - OV, 0.35V, 0.0, & 0.55V) 
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.8 
0 
-. 8 -1 
Figure 5.2le Effect of increasing Co from I fF to 9fF 
(Vj - OV, 0.35V, OAV, & 0.55V) 
.8 
0 
-. 9 -1 
Figure 5.21f Effect of increasing C- over from 40fF to SOfF 
(Vj - OV, 0.35V, OAV, & ý. 55V) 
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0.55v 
-9.65 
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'0 35v 
-. 8 -I 
Figure 5.219 Effect of varying Intercept from -9.85 to -9.65 
(Vj - OV, 0.35V, OAV, & 0.55V) 
91 
-. 8 -I 
Figure 5.21h Effect of increasing slope from 16.0 to 16.5 
(Vj - OV, 0.35V, OAV, & 0.55V) 
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-. 8 -1 
Figure 5.21i Effect of increasing gamma from 0.2 to 0.8 
(Vj - OV, 0.35V, OAV, & 0.55V) 
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»3 1 
DIODE 
PARAMETER 
SYMBOL OPTIMISED 
VALUE 
UNITS 
Junction Radius r -3.7 microns 
Junction Radius Correction f; r Y.. 33 ratio 
Junction Permittivity Es 12 ratio 
Barrier Height Obn 0.6 eV 
, 
Work Function: metal Om 5.01 eV 
Epi-Layer Thickness dl 0.25 microns 
Substrate thickness d2-dl 125 microns 
Epi- Resistivity rhol 0.6 ohm-cm 
Substrate Resisitivity rho2 . 008 ohm-cm 
Substrate Dimensions 150x150 microns 
Oxide layer thickness t 0.2 microns 
Oxide Layer Permittivity Ep 3 
Package Capacitance Cp 0.033 pF 
Package Inductance Lp 1.0 nH 
Series Resistance Vj=O RsOv 32 ohms 
Overlay Capacitance C-over 50 f-Farad 
, _Zero 
Bias Capacitance C-Vj0 5 f-Farad 
Saturation Current Io 10-V. 0 A 
Slope q/nkT 16.35 ohms 
Ideality n 1.08 ratio 
Table 5.9 Optimised Diode Model Parameters (22GHzSMTH2) 
--------------------------------------------------------- 
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5.5-Summarv. 
5.5.1 Series Resistance 
Whether MEDL select a large or small diameter junction to 
comply with the total capacitance aspect of this diode 
specification will without doubt influence implementation of 
the receiver protector. It was shown in graphs 5.21, and it 
will be shown in chapter 6 that the effect of junction diameter 
on diode impedance and on sniffer performance is greater than 
anticipated. It is important to note the relative burnout 
properties of junctions 4 and 7. Also, the classical equations 
for Rs and for Io do not adequately account for values measured 
here. In view of the presence of non-abrupt 
metal-semiconductor junctions, and of alloying effects, for 
this millimetric junction there is a need to review their 
dependence respectively on junction voltage and junction 
geometry. 
5.5.2 Total Capacitance 
It is not sufficient to consider junction capacitance 
alone, and the effects of its non-linearity. Overlay 
capacitance, fringing as described by Goodman, Copeland etc, 
packaging, and bonding strays are far more relevant. It should 
be comparatively easy to reduce overlay capacitance through a 
mask change and it is shown in section 6.7.10 that sniffer 
performance would improve dramatically. 
5.5.3 De-embedding Techniques 
it has been shown that 
application is not appropriate. 
de-embedding approach has great 
frequency work. 
De Loach analysis in this 
The new vector analyser 
potential for future higher 
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FIGURE 5.22a OVERLRY OF 
START 2.000000000 GHz 
COMPUTER MODEL RESPONSE 
STOP 22.000000000 GHz FOR Vj = Ov. 
Sil z 
REF L.; o units 
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FIGURE 5.22b OVERLnY OF 
COMPUTER MODEL RESPONSE 
START 2.000000000 GHz 
ST13P 22.000000000 C3H z FOR Vj = 0.2v. 
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Sil z 
REF 1.0 Units 
5 200.0 munits/ V 
15.012 Q -62.391 0 
C 
FIGURE 5.22c OVERLAY OF 
COMPUTER MODEL RESPONSE 
START 2.000000000 GHz 
STOP 22.000000000 GHz FOR Vj - 0.25v. 
Sil z 
REF 1.0 Units 
5 200.0 mUnits/ V 
21.229 C2 -53. G35 Q 
* 
C 
FIGURE 5.22d OVERLAY OF 
COMPUTER MODEL RESPONSE 
START 2.000000000 GHz 
STOP 22.000000000 GHz FOR Vj 0*. 30v. 
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sil z 
REF 1.0 Units 
5 200.0 mUnits/ V 41.961 C2 -47.654 C2 
C 
FIGURE 5.22e OVERLRY OF 
COMPUTER MODEL RESPONSE 
START 2.000000000 GHz FOR Vj = 0.35v. STOP 22.000000000 GHz 
Sil z 
REF 1.0 Units 
5 200.0 mUnits/ V 
54.193 0 -28.012 Q 
* 
C 
FIGURE 5.22f OVERLAY OF 
COMPUTER MODEL RESPONSE 
START 2.000000000 GHz FOR Vj - 0.375v. STOP 22.000000000 GHz 
sil z 
REF 1.0 Units 
5 1,200.0 mUnits/ T 
56.129 Q -6.791 C2 
FIGURE 5.229 OVERLRY OF 
COMPUTER MODEL RESPONSE 
FOR Vj = 0.40v. 
Sil z 
REF 1.0 Units 
5 200.0 mUnits/ V 
49.896 C2 S. 9336 Q 
C 
FIGURE 5.22h OVERLRY OF 
COMPUTER MODEL RESPONSE 
START 2.000000000 GHz FOR Vj - 0.425v. STOP 22.000000000 GHz 
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STOP 22.000000000 GHz 
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FIGPRE 5.22i OVERLRY OF 
COMPUTER MODEL RESPONSE 
FOR Vj 0.45v. 
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FIGURE 5.22j OVERLAY OF 
COMPUTER MODEL RESPONSE 
START 2.000000000 GHz 
STOP 22.000000000 GHz FOR Vj - 0.50v. 
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START 2.000000000 GHz 
STIOP 22.000000000 GHz 
sil z 
REF L.; o un its 
5 200.0 rnUnits/ V 
32.416 Cl 23.922 Cl 
c 
FIGURE 5.22k OVERLAY OF 
COMPUTER MODEL RESPONSE 
START 2.000000000 E3Hz FOR Vj - 0.55v. STOP 22.000000000 GHz 
v 
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5.5.4 Sensitivitv of Sll to Darameter variation. 
Figures 5.21a -i show the following :- 
Package inductance over the range 0 nH to 0.3 nH has a 
substantial effect, but only at the high frequency end of the 
sweep. It is particularly important at high forward bias 
because inductive reactance will swamp Rs, and capacitive 
reactance X-Cp. Series resistance is surprisingly important at 
zero, bias, 22 GHz. This is because junction capacitive 
reactance X_Cj will be low in comparison. Rs dominates for 
high Vi because Gi is tending to zero ohms. 
Cjig, that is microstrip end effect capacitance, has a 
direct shunting effect across the diode input impedance S11. 
Its effect is generally invariant with bias level except when 
junction voltage Vj = 0.4 volts; for this setting of junction 
voltage, varying Cjig has no effect on S11. There is a clear 
divergence in each of the Ov, 0.35v, and 0.55v responses as 
Cjig in increased and as frequency is increased from 2 to 22 
GHz, whereas there is no divergence for the case where Vj=0.4 
volts. The area of the Smith Chart where divergence might be 
expected to occur (from observation of the other traces) is 
the high frequency end. For this particular response the phase 
shifts involved within this diode test sample mean that diode 
input impedance S11 at the 22 GHz end of this trace when Vi = 
0.4 volts is almost purely resistive. This in turn suggests 
that the diode under these specific test conditions, at 22 GHz, 
is close to resonance. 
The effect of measurement error on junction voltage Vi has 
been shown in figure 5.21d. Simulated errors of +/- 5 mV are 
shown to have no effect at Vi =0v or 0.55 v., but to cause a 
substantial uncertainty at Vj = 0.35 v or 0.4 v. This is an 
important result as it illustrates that discrepancies due to 
voltage drop across Rs will cause disagreement between the real 
and computer models, unless accounted for in the equivalent 
circuit. 
6 
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The effect of zero bias junction capacitance Co when 
varied from I to 9 femto-Farads has only a moderate effect but 
one which cannot be neglected. It has no effect at Vi 0.55 
volts because it is embedded by Gi. Overlay capacitance, 
C-over is nominally 50 femto-Farads, and it therefore swamps 
Co, the effect of its variation from 40 to 60 fF is therefore 
more substantial since it is considered in parallel with Co. 
Varying the d. c. parameters saturation current Io, and 
ideality 'n' have almost identical effects. They are only 
significant at mid range Vi. In the case of Io, changing 
intercept from -9.85 to -9.65 results in a reduction in diode 
current of 1.58 times; increasing slope from 16.0 to 16.5 
(reducing ideality factor 'n' from 1.075 to 1.042) causes a 
-current increase of 1.03 times. At the high and low extremes 
of bias voltage the junction conductance Gi will tend to zero 
and_. to infinity respectively. It will be disguised therefore 
by series resistance Rs and junction capacitive reactance 
-respectively. At intermediate junction voltages however, Gi 
will assume intermediate values and will consequently become 
significant relative to Rs and X-Cj, and hence visible on a 
Smith Chart plot of S11. The effect of 
' 
varying N over the 
unrealistically wide range of 0.2 to 0.8 is not significant. 
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Chapter 6 Non-Linear Computer Analysis of the perceived 
diode equivalent circuit, loop antenna, and load 
6.1 Introduction. 
The primary function of this Chapter is to describe the 
formulation of a fast reliable and versatile program capable of 
quantifying the theoretical performance of this particular 
microwave semiconductor and its embedding network at 35 GHz. 
It will be used to show where previous researchers have 
validated the approach at lower frequencies and that the 
technique can be readily expanded to encompass more complex 
diode and embedding circuitry. It will be used to explain the 
reasoning behind the addition of each of the building blocks 
used to characterise the final diode analogue. As well as 
describing in depth the principal analysis technique, mention 
will be made of other techniques that were considered, and in 
certain instances, tried. Through illustration of the effect 
of artificial variation of some diode parameters, it will be 
used to demonstrate the dependance of total diode performance 
on some manufacturing processes. 
Having established the technique, this Chapter is then 
used to explain the integration of all other parameters for 
which measurements were taken (Chapters 4,5: antenna, 
transmission line, load material, and components from the diode 
equivalent circuit) into the total model. A comparison 
between actual and computed results, at 35 GHz, is given. 
6.2 Analysis of Diode Core. 
_ 
The paper of Fleri & Cohen 113 seeks to analyse the 
circuit of Figure 6.1b and simpler variants (Figure 6.1a) 
through the use of Fourth Order Runge-Kutta techniques E23,133. 
Their practical results at 9.375 GHz justify this analysis 
technique, and they have therefore been used here as a starting 
point in analysing this particular microwave problem. 
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Firstly, the results published by Fleri & Cohen for their 
'model 3' are exactly reproduced here through identical working 
using equations 6.1 and 6.2 at a frequency of 9.375 GHz, in 
order to confirm implementation of the technique. These 
equations are: - 
il' = [V*-Cos(it-(R,, +R, 3)i, -Vj3/L, - 6.1 
V. j' = Iii -- 1)3/Cvj - 6.2 
Computed results have been plotted and are shown in 
figures 6.2a and 6.2b overlaid on the input sinusoidal 
excitation. Fleri & Cohen illustrate the effect of two 
distinct sets of diode parameters; nine and fourteen 
co-ordinates respectively have been extracted from each of the 
appropriate graphs in Fleri & Cohen's paper and overlaid (as 
crosses) onto figures 6.2a and 6.2b. Despite readability of 
the original graphical data, good agreement exists between the 
two characteristics giving confidence in the technique. These 
characteristics differ because of their choice of zero bias 
junction capacitance, Co, and package inductance, Lp. Fleri & 
Cohen used the following: - 
Co = 80 +F, Lp = 1.70 nH 
Co = 25 fF, Lp = 1.07 nH 
Both data yield very different characteristics. 
Additional information 
that is irrelevant to Fleri 
relevant to the present resi 
diodes to a relatively high 
sinusoid and the time taken 
extreme importance in a 
enhanced negative overshoot 
be pursued although the 
is contained within these graphs 
& Cohen's mixer analysis but highly 
earch. Transient response of mixer 
power (in mixer terms) incident 
to reach a steady state are both of 
mixer protection situation. The 
referred to by F16ri & Cohen will 
specific values at 9.375 GHz do not 
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relate in any way to the 35 GHz research in question. 
d 
6 1,3 Comparison of Runge-Kutta with alternative 
techniques. 
6ý3.1 Harmonic Balance. 
Two other methods of analysis have been evaluated in 
parallel with Runge-Kutta. 
d 
Firstly, the more mixer oriented approach used by many 
authors, e. g. Held & Kerr 143, Hicks & Khan 153 was 
I 
considered. A demonstration program has been compiled by 
11 
Climer E63 at MEDL based on the text of Maas [73. In brief, 
'I 
the technique treats the non-linear diode circuit through a 
I 
time domain analysis, while treating the linear diode embedding 
I 
network through a frequency domain analysis. The solutions to 
J 
both these analyses are related together via a Fourier 
Transform and both solutions are iterated, so that, when 
-11 correlated through the Fourier Transform, the solutions become 
equal. This approach lends itself easily to considerations of 
ýj harmonics. Results of the Harmonic Balance analysis have been 
I 
plotted (Figure 6.3a, b) for Fleri & Cohen model 3 using the 
previously stated sets of Co and Lp. Data extracted from the d 
per of Fleri & Cohen is overlaid (as crosses) on these p ý, 
graphs. Agreement is in general good; some loss of detail is 
apparent, and this is a result of the finite number of harmonic 
terminations that are allowed for in this version of the 
program. In view of the fact that one of the prime motivations 
for this research was switching speed, then it was felt that 
such harmonic limitation was not acceptable; the technique was 
therefore abandoned. The Runge-Kutta solution must inherently 
include all harmonics and therefore this approach was pursued. 
Other limitations were however discovered as the research 
p, rogressed and these are explained later in this chapter. 
6.3.2 Laplace Transformation. 
Secondly, to achieve an analysis in the time domain 
: i1including all harmonics and 
'using what was believed to be a 
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TIME 
TIME 
I'iq G. 3b Comparison of Fleri & Cohen model 3 results (Lp-1.07nH, Co-25fF) 
and results computed using Harmonic Balance -(F=9.375 GHz) 
simple approach, Laplace Transform analysis was attempted. 
Because of the nature of Laplace, due regard must be given to 
non-linearities in Ci, Ri and Rs. The use of Laplace in the 
context of non-linear analysis has been suggested only very 
recently by Mattauch & Crowe [83. Briefly, the process used in 
this research was as follows. The two loops associated with 
Figure 6.1b may each be attributed a loop current that is, 
instantaneous current, Loop 1= il 
instantaneous current, Loop 2= im 
in3response to an exciting sinusoid. Loop analysis yields 
two simultaneous equations in the variables, 
- il im 
which may be Laplace transformed to a second order 
equation in the two variables, 
Q 
- where Q is the charge Ci x Vi stored in the junction 
capacitance Ci. Following substitution and inverse Laplace 
Transformation a unique value of junction voltage,, - Vj, might be 
expected for any value of time t. after t=O, that is; 
Vj = (Aw/CjLp)[BCOSwt + CSINwt + De-x"--'ýCOSM 
(D/W)(E/D-X/2)e-xl-, -'OSIN(Wt)3ý-- - 6.3- 
where B, C, Dq W9 X, &E are all functions of Cj, 'Gj, and 
Rsq which in turn are all functions of Vi. 
Separation of the variable Vj from equation 6.3 was shown 
to be not possible and therefore an iterative technique had to 
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I 
be 
'I 
devised to determine the 
-isfy both sides of equation 
equations at each increment of 
are illustrated in Fig 6.4a 
respectively. By incrementing 
up to Phi (the barrier height) 
unique value of Vj which would 
6-1 and hence the two loop 
time. Results of this process 
,b at 9.375 GHz and 35 GHz 
the value of Vi from -2.2 volts 
a value for the right hand side 
function of equation 6.3 may be computed. As Vi is increased 
so the value of this function eventually equals Vj; when this 
i 
occurs a plotter penlift signifies this equality. 
Considering the simplicity of this technique, the results, 
wýen plotted at 35 GHz (Fig 6.4b) show a surprising degree of 
agreement with the subsequent Runge-Kutta solutions. However, 
the anticipated 'unique' value of Vi was not always achieved; 
multiple zeroes were found to exist even with simple non-linear 
equivalent circuits such as 6.1b. In the particular example of 
Fig 6.4a however, several penlifts occur and so multiple 
equalities can be seen to exist at -6.5-n + 2n1R. This 
limitation became more pronounced as new circuit elements were 
introduced. Extensive investigations into the source of 
multiple zeroes were made; since they were known to result 
the inclusion of non-linear elements, a scheme of 
progressive de-linearisation was used. This enabled the three 
eiements Cil Ri, and Rs to have a variable non-linearity factor 
(only in the computer model) so that the formation of multiple 
zeroes could be traced from the fully linear single solution 
situation. The situation however still introduced 
uncertainties into the validity of the research in that no 
r-lear explanation was forthcoming as to the cause of multiple 
I 
equalities and there was no indication as to which was the 
-orrect one. 
There was therefore little justification for 
placing faith in the process. Additionally, when Laplace 
Transforms were used to analyse more complex non-linear diode 
circuits, for instance, Figure 6.16a, then it became clear that 
even a modest number of circuit elements would be difficult to 
handle. In the particular case of Figure 6.16a, its analysis 
necessitated the solution of the quartic resulting from cross 
joultiplication of equation 6.4-overleaf, 
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k izs = H/(s - RI) + J/(s - R2) 
K/(s - R3) + M/(s - R4) + (Ns + U)/(sý + wý) - 6.4 
where H, J, K, M, N, U, and the four roots RI, R2, R3, R4 
are all complex functions of Vi and the current through 
junction capacitance Ci is defined as im. 
A solution was achieved using Muller's method of 
numerically fitting a parabola to each root of the quartic, 
Conte & De Boor, [23. Junction voltage Vi was computed from 
the integral of im. 
Solution of the resulting parabola enabled even complex 
roots to be found. These roots were then included in the 
partial fractions, integrated and inverse Laplace Transformed 
to enable computation of the 'unique' value of Vi from equation 
6.5; 
Vi = (1/Ci) EH/Rlem3-*- + J/R2W"ý't- + K/R3emýll + M/R4em'**- 
N/wSINwt - U/wýCOSwUý - 6.5 
The following sequence was required in order to achieve a 
solution: - 
a) Select first time increment. 
b) assume a value for Vi. 
c) use b) to calculate the quartic coefficients in eq 6.4. 
d) iterate four times to find the four complex roots RI - 
R4 using Muller's method. 
e) calculate partial fractions from 6x7 complex matrix. 
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4) compare L. H. S. and R. H. S. of equation 6.5 for equality. 
g) adjust value of Vj according to outcome of f). 
h) repeat c) to g) to achieve f) to 
using finalised value of Vj calculate Ci, Ri, & Gi. 
j) compute rectified current for single increment of time. 
k) select next increment of time, repeat from b) 
A total of five iterations were required at d and g to 
equate Vj with the right hand side of the function value in 
equation 6.5 for each time step. Each solution was therefore 
found to take up to four hours to solve for Vi over a four 
cycle sinusoidal input. This technique also was abandoned in 
favour of Runge-Kutta. 
Having established that Runge-Kutta was the most 
appropriate technique in this application, a more detailed 
analysis of the results published by Fleri & Cohen was first 
undertaken. Subsequent extensions were made to their diode 
core to account for the embedding impedances associated with 
the "sniffer" microwave circuitq as derived in previous 
chapters. 
6.4 Non-Linear Junction Voltage Overshoot. 
The paper of Fleri & Cohen highlights the occurrence of a 
negative voltage overshoot in the junction voltage waveform, 
under certain circumstances. They note that the maximum 
negative excursion of the junction voltage Vi may exceed the 
amplitude of the exciting sinusoid by a factor of two, and that 
this can induce diode reverse breakdown and subsequent failure. 
The true cause of negative voltage overshoot is not immediately 
apparent, although Fleri & Cohen attribute it specifically to 
the presence of parasitic inductance. By-adjusting the value 
Page 186 
of Lp they were able to vary the amplitude and form of the 
negative voltage overshoot. However, one could argue, (for 
instance, from figure 6.12) that the variation of junction 
overlay capacitance can be seen to have much the same effect. 
It is only possible to distinguish the actual source of the 
overshoot by close examination of the series of graphs 6.5a, b, 
6.6a, b & 6.7a, b. Figures 6.5a and 6.5b show a total of six 
related waveforms at an excitation frequency of I GHz; these 
waveforms are: - 
Figure 6.5a 
Junction Voltage Vi, at I GHz. 
Inductor Voltage V-Lp, at 1 GHz. 
Inductor Current I_Lp, at 1 GHz. 
Figure 6.5b 
Capacitance Current 
Conductance Current 
Stimulus Voltage 
I-cj, at 1 GHz. 
I-Gi, at 1 GHz- 
VtSINwt, at I GHz. 
where I-Lp = I_Gj + I_Cj. 
Figures 6.6a and 6.6b illustrate identical waveforms for 
an excitation frequency of 3 GHz, and figures 6.7a and 6.7b at 
9.375 GHz. 
- All of the above are easily resolved using Runge-Kutta, in 
the program RUNGE_LPFL. This approach clarifies the issue by 
removing waveform distortion caused by parasitics at 9.375 GHz 
thus enabling relevant rates of rise of non-linear reactive 
voltages and currents to be studied. 
At I GHz, (figures 6.5a, b), parasitics are not significant 
and the rectification process is easily discernable. As 
VtSINwt increases from zero volts so rectified current U-6j) 
remains at zero until the onset of increased conductance Gi at 
Vi - 0.65 volts. There is however a nominally constant value 
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of capacitor current (I-Ci) of -O. E3 mA, this being related to 
Vi through the equation, 
I-Ci = Cid'(Vi) 
i. e. the voltage slope of the exciting sinusoid. After 
the time period 'n/4, junction conductance increases markedly, 
shunting current from Ci through Gi. The value of total 
junction current I-Cj + I-Gj (=I-Lp) is determined in this way 
and in turn determines rate of change of current through 
package inductance i. e. d*(I_Lp) and therefore inductor 
voltage V-Lp since, 
V-Lp = d'(I-Lp) 
This relationship between V-Lp and d'(I_Lp) can most 
clearly be observed in figure 6.6a. 
Referring back to figure 6.5b at 1 GHz, although current 
ceases to flow into junction capacitance Ci for 11/4 <t< 
-3TV/4, charge still resides there since [Vil >0 volts. Once 
the stimulus VtSINwt causes Vi to fall below --0.65 volts then 
rate of change of current in the junction capacitance, Cil 
d'(I-Cj) continues to obey the law I- Ci = Cid'(Vj) including 
the point of inflexion at t-0.438'n in figure 6.5a. Maximum 
inductor voltage V- Lp is coincident with maximum rate of change 
of inductor voltage, d'(I-Lp). Since junction voltage is now 
able to follow the stimulus (because junction conductance Gi - 
0) then rate of change of current in the junction capacitance 
d'(I-Ci) appears linear but will in fact equal d'(SINwt) until 
the cycle repeats at t= 2"n. 
Marked changes exist at F '= -3 GHz, as illustrated in 
figures 6.6a, b. Maximum junctibn 'capacitance current I-Ci 
-2.5 mA, that is three times the equivalent value for F 
GHz being three times the frequency. Since Gi is not active at 
t< TV/4 then it would be expected that, 
I-Ci oc d' (VtSINut) 
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i. e. that current in the junction capacitance I-Ci would 
be determined by the rate of rise of excitation, VtSINwt. From 
the graphs this appears to be the case. The point of inflexion 
in the inductor current waveform I- Lp (=I - 
Ci +I- Gj) results 
from current being shunted away from Ci through Gi (figure 
6.6b), and this manifests itself as a momentary zero inductor 
voltage. At this modest frequency, Vi is still almost able to 
follow VtSINut, and when Vj reduces rapidly at t IN + 2n"n, 
then junction capacitance current I_Cj (= inductor current I_Lp 
for t= -n) rapidly decreases to a minimum. This in turn 
causes V_Lp to equal zero. 
For the case where F=9.375 GHz, (figures 6.7a, b), on the 
rising edge of the first cycle only, Vi is no longer capable of 
maintaining fidelity with VtSINwt. This results from the 
finite limitation on the current flow through Ci imposed by the 
non-linear series resistance Rs. After time t= IX, a steady 
state response is achieved and the negative going junction 
voltage Vj remains at a fixed delay relative to the negative 
going edge of the excitation VtSINwt. The now negative VtSINwt 
causes a rapid decrease in junction voltage Vi and a 
correspondingly large negative junction capacitance current 
I-Pi. As VtSINwt increases towards its second peak at t= 
3"R/2, so (VtSINM - Vj) becomes very large, causing a 
proportionately high rate of change of junction voltage d'(Vj) 
(=I-Cj=I-Lp) and a large inductor voltage V-Lp. The time 
delays previously discussed have resulted in the near 
coincidence of maximum rate of change of junction capacitor 
current d'(I-Cj) with the maximum negative excursion of 
excitation, VtSINwt. When consideration is given to the sense 
of each of these voltages it will be seen that parasitic 
inductor voltage is additive with maximum negative stimulus 
causing in a negative voltage overshoot which exceeds the drive 
voltage amplitude Vt. Such coincidence does not occur for F= 
3 GHz, or F=I GHz, and is caused by voltage amplification at 
near resonance in a series resonant circuit. Had the test 
frequency been perfectly resonant then coincidence would have 
been total. Linearised values of the diode parameters used by 
Fleri & Cohen yield voltage multiplication factors of typically 
two times at the frequency of total resonance and 1.7 times at 
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the degree of resonance noted at 9.375 GHz. There is however 
an additional contribution to negative overshoot that cannot be 
accounted for by resonance effects- It is attributable to 
non-linear behaviour of some of the diode equivalent circuit 
components. 
In attempting to isolate the individual contributions of 
both junction conductance and capacitance Gi and Cj, each 
element has been artificially linearised in the computer model 
in order that the effect of the other may be observed. 
Linearizing Gj will however inherently remove the voltage 
clamping effect of Gi and in turn render the formula for 
junction capacitance (section 5.3.5) unuseable. This will 
occur as a result of the unclamped junction voltage Vi not 
being prevented from exceeding 0 (the barrier height); this 
means that for values of Vt which might cause Vi >0 the effect 
of, Rj alone cannot be assessed. In the present research, high 
levels of r. f. excitation are of specific interest and so for 
this work this situation will always exist. The contribution 
of non-linear junction conductance Gi to voltage overshoot 
cannot therefore be evaluated in isolation. The effect of 
non-linear Ci can however be evaluated by first linearizing Ci 
to each of two values appropriate to the extreme values of Vi 
that occur during normal non-linear operation, i. e. the values 
at which forward clamping occurs, and at which negative 
overshoot occurs. These values are +0.725 volts and -2.1 volts 
which equate to 176 femto-Farads and 44.5 femto-Farads 
respectively. This means that two overlaid plots of firstly 
negative junction voltage overshoot caused by linear resonance 
and secondly negative voltage overshoot for fully non-linear 
operation can be compared. Figures 6.7c and 6.7d show (dotted) 
the junction voltage overshoot for the fixed junction 
capacitances of 176 femto-Farads and 44.5 femto-Farads 
respectively, overlaid with the actual overshoot observed when 
Ci is non-linear. The difference of -0.4 volts in figure 6.7d 
results from the charge Q on Ci being, unable to move (Gi-0) 
causing IVil to increase to fulfill the relationship Q=CjxVj- 
Page 194 
6.4.1 Sampling period and current waveforms. 
Some other waveforms relating to the equivalent circuit 
6.1b are shown in figures 6.8 to 6.1, ').; these are, 
6.4.1.1 Figure 6.8 shows the effect of sampling period 
on junction voltage waveform fidelity, for 533.3,53.3, and 
21.77 samples per r. f. cycle. The latter was the point beyond 
which convergence failed to occur, i. e. the solution was found 
to diverge. 
6.4.1.2 Figure 6.9 shows the junction voltage response 
of Fleri & Cohen's unrefined model 3 using provisional MEDL 
DC15160 diode values at 35 GHz- 
6.4.1.3 Figure 6.10 illustrates the effect on junction 
voltage of varying test frequency over the range 31-39 GHz, 
6.4.1.4 Figure 6.11 shows the effect on junction voltage 
of varying package inductance, Lp, over the range 0-2nH to 1nH. 
6.4.1.5 Figure 6.12 shows different junction voltage 
waveforms for overlay capacitance values of 6,20, and 40 
femto-Farads. 
6.4.1.6 Figure 6.13 is two plots overlaid to compare 
unction voltage waveform with diode chip voltage following the 
inclusion of series resistance voltage drop. 
Runge-Kutta analysis of the MEDL DC15160 diode and 
embedding networks can now proceed beyond the complexity of 
Fleri & Cohen's model 3. 
6.5 Analysis of DC15160 and embedding package capacitance. 
When the diode is considered in its true environment i. e. 
in its alumina package, then package capacitance has to be 
incorporated into any equivalent model. The circuit*model for 
this section is shown in Figure 6.1c. Values used for the 
diode equivalent circuit parameters are those established in 
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the optimisation program 22GHZSMTH2 (chapter 5) as being key 
characteristics of the MEDL DC15160 diode. 
The Runge-Kutta technique requires the establishment of N 
coupled non-linear differential equations in N+1 variables, 
where the (N+l)th variable is time. In this configuration the 
circuit equations for the circuit of figure 6.1c are: - 
[V*_Sin(it - Vý - R. i*3/C, R, - 6.3 
i: L' = [Vm - i: LR. - Vj3/L,. - 6.4 
C'l - 1) 3-6.5 
and they are solved through progressive iteration of these 
equations Stark 133, Conte & De Boor 123. 
Figure 6.14 shows an overlay of programs RUNGELPBL 
(without package capacitance Cp) and RNG_LPCPBL (including CP) 
for the modelled waveforms of junction voltage Vj at 35 GHz 
using MEDL DC1516Q parameters. The effect of 33 fF package 
capacitance can be seen to be minimal in this instance as 
should be the case with the low source impedance used in this 
program. Figure 6.15 illustrates the phase relationship between 
a 35 GHz excitation sinusoid and current in the package 
inductance, Lp. 
6.6 Analysis of the diode circuit including transmission 
input impedance. 
An extensive set of scaled practical and modelled 
theoretical characteristics have been described in Chapter 
4 
for the input impedance of the lossy co-axial line as 
a 
non-linear function of frequency, length, diameter, and 
dielectric specification. Fair agreement has been 911000 
between computer predicted line input impedance and practical 
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TIME 
measurements at 7.5 GHz. This model has been used therefore to A1 
predict the input impedance at 35 GHz for a range of six line 
lengths likely to be encountered in a production situation. It 
has been shown both practically at 7.5 GHz and 35 GHz and with 
the theoretical model that this input impedance is independant 
of external load. The value for Zone 4 (lossy dielectric zone) 
co-axial line input impedance is 54.7-j12.2 ohms and it has 
been used in chapter 4 for computation of the input impedance 
for the preceding length dependant Zone 3 (airline) section. 
The Zone 3 input impedance for each of the six Zone 3 line 
lengths are listed in table 4.5c. 
In the current and future computer models Zone 3 input 
impedance will represent the impedance presented to r. f. 
emerging from the Schottky diode at 35 GHz, and so all voltage 
and current waveforms for the 'sniffer' model will be shown as 
a function of these six length dependant impedances. 
In defining terminating impedances at only 35 GHz we are 
highlighting a limitation of Runge-Kutta and the virtue of 
Harmonic Balance. Although Runge-Kutta inherently includes all 
harmonics generated through the inclusion of non-linear 
elements, all terminating impedances at all harmonics have to 
be described independantly in any equivalent circuit. This 
limitation is addressed in later sections where it becomes 
necessary to incorporate a terminating impedance for rectified 
current. The equivalent circuit for this section will however 
remain as Figure 6.16a. 
It is first necessary to construct the four coupled 
non-linear differential equations describing the four 
reactances junction capacitance Cj, package capacitance Cpl 
package inductance Lp, and transmission line series reactance 
X-tx. From the six values for ZinZone3 it is apparent that 
X-tx can be +ve or -ve, i. e. inductive or capacitive. One of 
the equations must therefore be used in two forms, 6.6a for 
inductive and 6.6b for capacitive. This facility is reflected 
in program RUNG_TXLIN2. The five variables will be ill i2, V29 
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Cloop 
Vi, and t as in figure 6.16a. - the five resultant equations 
are. -- 
i=' = EV, Sinwt - iý(Rw - 6.6a 
'ý* " EQVt: C'Dswt - im/Ctzw - (im - it)/C, 1/(R, + Rt:, «) - 6.6b 
vz?, = (i m-i ') 
ii' --2 [Vm - i-IR. - V-j3/L,. 
v_i. = Ci1 - I(q'. i/i-is< - 
where Cvj = f(Vi) 
- 6.7 
- 6.8 
- 6.9 
When these are iterated through three hundred and 
fifty-seven 80 femto-second time steps per cycle using the 
program RNS-TXLIN2 the computer model response to 35 GHz 
excitation is that of the six figures 6.17 a-f for the six 
termination options. These graphs compare, 
excitation Vtsinwt (double dashed) , 
chip voltage Vj+iRs (single dashed), 
and load current im, (solid). 
where load current is the rectified current sought for 
later 35 GHz to d. c. efficiency calculations. Reducing the 
value of X-tx to minimal +ve and -ve values has been tried in 
order to prove that the branch between equations 6.6a and 6-6b 
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IL 
'I 
s correct; plots indicate good agreement and the branch is III 
therefore taken to function correctly. 
Graph 6.17a exhibits virtually no 'start-up' delay from 
the onset of 35 GHz excitation. Referring to the waveform of 
chip voltage (not terminal voltage which includes Lp), the 
clamped positive voltage of the previous example, figure 6.14, 
at -0.5 volts now includes the factor, 
iI Rsj 
where Rs is assumed linear at this stage in the computer 
modelling. It will therefore exhibit a -ve slope as the 
current through Rs reaches a peak; it is this voltage rather 
than the junction voltage Vi that would appear across the diode 
chip terminals in a microwave circuit, if the chip diode was 
for instance being driven by a Local Oscillator in a mixer 
circuit. When such a diode is driven hard into forward 
conduction then harmonic generation will result, such L. O. 
waveform distortion has been the subject of much research, Held 
& Kerr 143 etc, see section 3.2. As a receiver protector the 
consequences would be different, the cause for concern being 
potential diode failure through power dissipation in Rs at high 
incident power. 
Of greater significance is the d. c. or rectified current 
within the transmission line resistive component Rtx. In 
figures 6.17a and 6.17b the current sinusoid is offset from 
zero and can be seen to yield a net positive current of -3 mA 
and -1.5 mA respectively for airline lengths Len3 of 0.5 mm and 
1 mm. As the airline length is increased through 1.5 mm to 3 
mm the diode terminal voltage (and more so the junction 
voltage) fails to reach the barrier voltage. Rectification 
therefore fails to occur for these values of Len3, and so no 
net d. c. current flows. This agrees with observations in-the 
receiver protector production situation where large variations 
of d. c. output are seen to occur as the lossy eccosorb 
dielectric is retracted to increase Len3. 
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Figures 6.18a and 6.18b show diode terminal voltage for 
the two extremes of airline length, i. e. Len3 = 0.5 mm and 3 mm 
respectively. The significance of this set of plots is that 
voltage V-Lp across the package inductance Lp is included, 
this being the closest point that one can normally contact the 
chip. 
6.7 Analysis of the diode equivalent circuit, transmission 
line, and loop antenna impedance 
Data has been accumulated, using scale modelling at 7.5 
GHz to enable a value to be attributed to the impedance of the 
loop antenna in scaled waveguide (chapter 4). In view of the 
fact that no lossy components are present within this 
structure, (either 4.666: 1 scaled or the 1: 1 version), then a 
precise scale model measured at scale frequency will 
necessarily yield a representative impedance for the 1: 1 
version operating at 35 GHz. There will however be several 
limiting factors in terms of the accuracy of the scale model. 
Skin effect, for instance, is generally disregarded below 50 
GHz, Maas [73. Soldering of the loop wire to the co-axial end 
plane is unlikely to scale correctly, and the scale model will 
be more accurate in terms of positioning of the co-axial inner 
relative to the end plane of the co-axial outer (see figures 
4.1,4.2). It should be remembered that this research is aimed 
at assessing typicalý production samples, and-therefore when 
reviewing accuracy and final outcome, production spreads will 
have to be accepted. Due regard has been given to the 
likelihood of antenna impedance being dependant on rotational 
location, insertion and waveguide mount. The figure used at 
this point in the research for this program is believed to be 
representative. 
Considering the diode in situ, it will be represented now 
by a packaged L. I. D. forming part of a co-axial line inner 
conductor, with a source impedance (the antenna) to earthq and 
a line length dependant load impedance, inductive or capacitive 
to earth also. Figure 6.16b represents the simplified form of 
4.24 excluding bypass components. In the computer model of 
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6.16b the source and load impedances are currently 
characterised at the fundamental 35 GHz only, no other 
harmonics are catered for. 
The program RNG-TXLDOP2 includes six variants of 
transmission line input impedance, as used in the previous 
program RUNG-TXLIN2, as well as the measured impedance of the 
4.666: 1 scale model antenna. The antenna impedance was 
measured as (7.29-j106) ohms, where the reactance represents a 
capacitance of 42.9 femto-Farads. Inclusion of loop impedance 
leads to the differential equations 6.10 to 6.14, 
Vz '= uVt-Coswt - (Vzs - Vm) (Rt- + R*-. ) /L*-. -i =/CL. - 6.10a 
vzs = ie/ct:. + (im - it)/C, - 6.10b 
im' = [Vmr. - V=1/L,.. - 6. lla 
iý' = [wV*zCoswt - im/CIL- - im/Ct:. - im/CF»1/(Rt- + Re. ) - 6. llb 
ii' = IV= - i, R. - Vj3/L,. 
Vm' = liý - 
V. j' = ii/Cj - I,. (eclvje-k -r- 
1) /cvj 
where Rl = Rloop and Cl = Cloop. 
- 6.12 
- 6.13 
- 6.14 
The equations 6.10b and 6.11b are to accommodate the case 
where the reactive component of airline input impedance, X_tx 
is +ve or -ve, i. e. inductive or capacitive. It will be 
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apparent that when X_tx is capacitive there exists a d. c. 
break in the series equivalent circuit of figure 6-16b. 
Although this model will yield useful waveforms for a. c. -35 
GHz performance, it cannot yield data on r. f. to d. c. 
conversion efficiency. During production there are instances 
where assembled 'sniffers' are used with no d. c. termination, 
for instance when optimising the positio n of eccosorb absorbers 
before bonding in position. Optimisation may be based on the 
d. c. output of the 'sniffer' as observed on an oscilloscope 
with I Megohm input impedance. The model of 6.16b represents 
exactly this since as far as d. c. current is concerned the 
co-axial inner is an open circuit. 
Considering figure 6.19a, this plot illustrates diode 
terminal voltage V2 for an input sinusoid of amplitude Vt of 
1.279 volts peak for the two extremes of airline length, 0.5 mm 
and -. - mm. From section 4.6.2.2, this is the voltage that 
equates to 100 mW c. w. incident power for a WG22 loss of 0.1 
dB; terminal voltage includes voltage across the package 
inductance. 'Steady State Level' refers to the negative 
voltage at which the 0.5 mm trace will ultimately settle, 
irrespective of the number of cycles plotted. For the two 
extremes of Len3, (0.5 &3 mm), it is clear that the responses 
differ greatly. For Len3 = 0.5 mm, a net negative voltage 
establishes across Cp after 2.5 cycles or 71.4 pico-seconds. A 
net negative voltage results from the fact that each positive 
half cycle is positive clamped at, 
Vo = V., + iwR + L, ij 
whereas negative excursions are not clamped. For the case 
where airline length Len3 is 3 mm, junction voltage does not 
approach 0. This indicates that rectification is occuring at 
Len3 = 0.5 mm., but not at 3 mm. Consideration of the relative 
values of ZinZone3 (58.1+j4l. 26 and 155.6-jlB3.6) shows this to 
be caused by the rectification process being current limited 
for larger values of ZinZone3, preventing Vi reaching 0 and 
Page 211 
r- 
Fi gure 6 
0 
4J 
IT 3T[, I' E 
It Steady State Leve I 
4J 
01 
x 
w 21- 
Excitation 
/A" 
5T 
5mm -MM 
I 
Vm Kil 
Program Name: RNG_TXLOOP2 23rd June, 1988 
-31 
Rloop- 7.29 R X-Cloop- 106 R Cloop- 42.9 fF 
Fig 6.19a Comparison of Packaged Diode Terminal Voltage for 
Schottky/Transmission Line/Flntenna, Len3 - 0.5mm & 3mm. 
2 
44 
1: 3 
.6 -1 
c 
u 
Excitation 
/\ 
It f IF 
ITI! Aý 
I TIME 
3m Ii mi 
VLý. 
5mm 
IV II 
: )I c duy 
State Leve I 
V 
Program Name: RNG_TXLOOP2 23rd June, 1988 
-3 
Rloop- 7.29 R X-Cloop- IOG R Cloop- 42.9 fF 
Fig G. 19b Comparison of Packaged Diode Junction Voltage for 
Schottky/Transmission Line/Antenna, Len3 - 0.5mm & 3mm. 
Page 212 
thus preventing clamping. Corresponding junction voltage is 
shown in figure 6.19b. 
Figure 6.20a has been included in order to explain in 
greater depth the response of the circuit shown in figure 
6.16a; it excludes the 3mm case concentrating on the diode 
response for Len3 = 0.5 mm. It shows a breakdown of the 
current waveforms in the antenna (I_Loop), package capacitance 
(I-Cp), and package inductance (I-Lp). Comparing it to figure 
6-19a it shows current through the package capacitance, I-Cp 
leading terminal voltage by 'n/2 after exactly three cycles, and 
that current waveforms are generally sinusoidal, symmetrical 
about zero volts, and unaffected by circuit non-linearities. 
Figure 6.19b showed junction voltage Vi clamped to 0 for the 
first two cycles of r. f., and then soft rectification beyond 
this point. Observation of figure 6.20b explains this through 
separation of total junction I-Lp into conductance current I-Gj 
and junction capacitance current, I-Cj. The current entering 
Gi approaches zero at cycle six which correlates with the 
minimum clamping effect of 6.19b and with the reduced voltage 
appearing across Cp. The long term change in voltage across Cp 
is not caused by a change in the charging characteristics of 
Cp, since I-Cp = CpV2' and V2' is constant. One can only argue 
then that the d. c. offset is a result of +ve Vi being clamped 
and -ve Vj being unclamped, causing net negative voltage across 
Cp. 
6.8__Analysis of the composite diode equivalent circuit, 
transmission line, loop antenna,, and d. c. termination. 
All of the previous models have been analogues based on 
scaled measured or computed impedances at 35 GHz. In the 
actual application, the output of this Schottky assembly is 
connected directly to a P. I. N., varactor, or limiter diode 
mounted across WG22. This provides a low resistance d. c. path 
to the waveguide tube via the switching diode, and hence a d-c- 
return for rectified current from the Schottky. When fully 
forward biased the limiter diode will exhibit a resistance of 
-1-5 ohms; it will not however always be fully driven, 
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depe''nding on the amplitude of r. f spike reaching the 
'sniffer'. In modelling the effect of the P. I. N. etc on the 
Schottky, a wide range of dummy load resistors will need to be 
3L nýI or porated into the model in order to gain an understanding 
ofl'ý the dependence of rectification efficiency on limiter diode 
conduction state. The resistance of a switching diode will 
ob 
:111 
viOusly be non-linear also, particularly as it will switch 
several kilowatts of power at 35 GHz. For the purposes of this 
research, and because such analysis would require evaluation of 
waveguide mounting structures, the non-linear switching diode 
wýll be replaced with a range of fixed value resistors. 
In order to duplicate previous practical measurements of 
35 GHz to d. c. conversion efficiency, the load resistor will 
over the range 10 to 1000 ohms. Changes in performance for 
terminations of larger value were also studied in chapter 4 as 
a consequence of the attempt to establish diode source 
impedance by halving diode E. M. F. Reference will therefore be 
made to modelled waveforms associated with terminations in the 
range 5 or 10 kohms to 100 kohms. 
"6.8.1 Description of circuit model. '11- 
The equivalent circuit of figure 6.21 will be used here, 
where R_byp is the resistor substituted for the P. I. N., limiter 
_or 
varactor diode. L- byp is the inductor used to block 35 GHz 
from the dummy resistor load while providing a zero resistance 
to d. c. This represents the true situation in the 1: 1 model 
where 35 GHz is prevented from propagating beyond the end of 
the co-axial line by the high attenuation per unit length of 
the Eccosorb; d. c. on the other hand propagates essentially 
unattenuated along the centre conductor. In the circuit 
diagram, overlay capacitance C-over is not shown. Non-linear 
junction capacitance and overlay capacitance have been combined 
together in the computer model for ease of handling, although 
they may be varied independently. 
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Referring to figure 6.21, there are six reactances: - 
Junction Capacitance, Cil 
Package Capacitance, Cp, 
Pack-age Inductance, Lp, 
Tx line reactance, X-tx, 
Antenna Capacitance, Cloop, Bypass inductor, L_byp 
and these enable the formation of seven coupled non-linear 
differential equations in eight variables, 
itý, iA, il;, Vi, V, ý,, V;, V:;, and t 
equations 6.15 to 6.21 refer; 
im' = 1-iýRt + VeSinwt - V.. &1/Lt,. - 
6.15 
vi, -= (izs) - 6.16 
iý' -'. 2 [VftSin(at - im(Ri.., + Rtvp) - VIL - V,,. 3/L, -. - 
6.17a 
jý- = E(jV,: Cos(jt - im/C,,,.. - 
- 6.17b 
V. 
4. = liz, +im, -im]/c, - 6.18 
in' = EV. 4 - in R., - V-j3/L, - 6.20 
V. j* = 1)1 - 6.21 
where equations 6.17a, b are variants to accommodate the 
reactance component of transmission line input impedance X- tx 
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being inductive or capacitive. 
Using the program RNGTXLOPdc these eight variables can be 
iterated to yield instantaneous voltage, current, or power 
waveforms for the circuit of figure 6.21, with its three 
non-linear elements. The goal of this particular stage of the 
analysis is to relate 35 GHz input in WG22, via a coupling loop 
antenna, to the net d. c. value of voltage across a range of 
fixed value terminations. The program RNGTXLOPdc (Appendix 6) 
enables any of the iterated values to be stored in the array 
Ansrs(5000,2), the mid point of any resulting sinusoidal 
waveform to be stored in the array Mid_pt(200,3). This allows 
net -ve or +ve trends to be observed more easily. Although the 
primary area of interest has in previous models been junction 
voltage negative overshoot, greater importance will now be 
attached to the assessment of power dissipated in diode 
junction and diode substrate, and to rectification efficiency. 
Specifically, the dependence of each of the above responses on 
input power, coupling value, line length, and overlay 
capacitance will be shown. 
6.8.2 The effect of d. c. bypass inductor L byp. 
Figure 6.22, which is purposely unlabelled, illustrates 
general trends in rectified voltage across the dummy P. I. N. 
termination R_byp. Risetime is a direct function of the value 
of r. f. blocking inductor, L_byp, as is the 35 GHz 
breakthrough on the net d. c. characteristic. If one is to 
include this dummy low pass filter then firstly it cannot be 
allowed to perturb the circuit transient response time, and 
secondly it has to be shown that the inductor does not have an 
undue effect on steady state rectified voltage. Adding 
specific numerical data, figure 6.23 shows how the 35 GHz r. f. 
content varies with the value of r. f. blocking inductor, L_byp 
for 10,20, and 40 nH, as does the time required to achieve 
steady state. These correspond to reactances of 2.2,4.4, and 
8.8 kohms as compared to the series loop capacitance Cloop, 
loop resistance Rloop, tx line resistance R_tx, and tx line 
reactance X_tx which total (65 - j64) ohms. The net +ve value 
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PROGRRM Name: RNGTXLOPdc 23rd JUNE, 1989 
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Fig 6.23 Illustration of the effect of bypass inductor value, Lbyp 
on resistor voltage for Lbyp = 10,20, & 40 nH 
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Fig 6.22 Illustration of typical load resistor voltage across Rbyp 
for various values of Rbyp, Ltx and Rtx, fig 6.21 
lliý I 
of each waveform in figure 6.23 can be seen to be nominally 
-'f( co-incident after 10 cycles of r. f., suggesting that the steady 011 
tate net d. c. voltage across the dummy resistor R_byp is not jo 
nfluenced greatly by choice of L-byp within this range. 1P 
j esponse time is largely dependant on L- byp, a 10 nH inductor 
delays equilibrium for -3 cycles but has minimal effect on 
1 ectification efficiency. It seems then that response time of 
he Schottky alone is substantially less than 3 cycles. In I 
vv iew of the fact that steady state voltage is invariant with 
these values of L_byp, it can be concluded that they have no 
adverse loading effect on the main circuit. Most of the 
ensuing waveforms will therefore be produced with a 40 nH r. f. 
block included. 
6.8.3 The effect of airline input impedance & d. c. bypass 
resistor value on Rectification Efficiency. 
It is necessary to assess the variation of rectification 
, effectiveness with the airline length, Len3. The six relevant 
airline input impedances (ZinZone3) were explained in the 
previous section. These are selected in turn from the program 
RNGTXLOPdc in order to run a waveform analysis of voltage 
V-R_byp across bypass resistor R_byp as a function of eccosorb 
position, and of bypass resistor value, R_byp. The other 
parameters have been set as listed on graphs 6.24 a-f for 
Len3 = 0.5,1.0,1.5,2.0,2.5, & 3.0 mm respectively. These 
parameters are, 
Pinc = 0.1 W c. w. Antenna Coupling = -15.5 dB. 
R. F. cycles = 20 d. c. break = L_byp = 40 nH 
Figures 6.24 a, b show plots of the d. c. voltage waveform 
mid points for seven values of bypass resistor and two values 
of airline length Len3. They indicate that rectification is 
occuring but is highly non-linear with R_byp. Of the six 
variants in Len3,1.0 mm is the most efficient producing 269 mV 
into 1000 ohms. This is 72.3 microWatts out for 2.8 milliWatts 
incident i. e. 2.5 % efficient. This maximum efficiency is not 
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voltage across Rbyp, for Len3 = 0.5 mm. 
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Fig 6.24b Illustration of the effect of Rbyp value on d. c. 
voltage across Rbyp, for Len3 - 1.0 mm. 
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Fl gure 6.24 
Fig 6.24d Illustration of the effect of Rbyp value on d. c. 
voltage across Rbyp, for Len3 - 2.0 mm. 
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Fig G. 24e Illustration of the effect of Rbyp value an d. c. 
voltage across Rbyp, for Len3 = 2.5 mm. 
Fig 6.24f Illustration of the effect of Rbyp value on d. c. 
voltage across Rbyp, for Len3 - 3.0 mm. 
a. 11consequence of exceptionally low bypass resistor R_byp or 
.II r. block L byp since the lowest total bypass impedance Z-tx 
is for Len3 = 0.5 mm. Performance as predicted by this model 
degrades rapidly for Len3 > 1.5 mm because IZ-txl prevents the 
rectification process. In practice, at 35 GHz, peak efficiency 
of ' the co-axial assembly is perceived to occur when the 
eccosurb JLoad is retracted almost to the point of removal from 
the back plane of the co-axial outer. 
6118.4 The effect of Antenna Coupling Factor. 
During production assembly of the sniffer' into the 
7, e, ceiver protector a nominal 0.1 dB waveguide through insertion 
loss increase is sought. It is frequently the case that this 
is insufficient to prevent high power leakage reaching the 
mixer-receiver during RADAR transmission. Two options only 
exist; these are to increase the insertion loss and risk 
burnout of the Schottky, or to discard that particular diode. 
Figures 6.25 a9b, c illustrate the effect on rectified voltage 
of increasing antenna coupling from -15.5dB as in figure 6.24 1 
1 a, 
b, c, to -12.5dB; this is equivalent to increasing through 
guide insertion loss from 0.1 dB to 0.2 dB. Only the three 
ighest efficiency options have been re-run here; these show 
increases of 1.81,1.79,, and 2.02 times the voltage over that 
where insertion loss was 0.1 db, for the same termination of ýý1000 
ohms for 0.5,1.0, and 1.5 mm respectively. For the case 
I 
where bypass resistor R_byp = 10 ohms the ratios are 1.74, 
1.68,2.1 times. Further testing for bypass resistor R_byp > 
1000 ohms showed that the maximum achievable voltage out was 
-338 mV for R- byp = 6000 ohms, above which V-R- byp decreased. 
This is equivalent to 19 ýM output for 2.8 mW input or 0.68 % 
efficiency. 
Increasing the coupling factor to -10.83 dB i. e. a change 
of -4.63 dB on -15.5 dB is equivalent to a through waveguide 
insertion loss of 0.3 dB, i. e. three times 0.1 dB. The effect 
of such insertion loss increase (relative to the O. 1dB 
insertion loss figure 6.24 a-c) is illustrated in figures 
6.26a, b, c; the corresponding ratios are 2.37,2.31, and 2.37 
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Fig 6.25c Illustration of the effect of Rbyp value on d. c. voltage 
across load resistor Rbyp for Increased Coupling, for Len3=1.5 mm. 
times into 1000 ohms. 
6.8.5 The effect of antenna coupling on junction power 
dissipation & Vi. 
One of the purposes of this research is to establish 
potential diode failure modes. In the diode itself there are 
two resistive regions where power and hence heat can be 
dissipated, these are junction conductance Gj, and series 
resistance, Rs. The latter is more often than not considered 
to be invariant with junction voltage i. e. it is therefore 
rarely considered by authors to be non-linear. In the present 
research it has been found to be highly non-linear (chapter 5) 
and also highly dependant on diode junction geometry. Failure 
under hard d. c. forward bias conditions has been seen in 
several samples (at ideality testing, section 5.4.1) and this 
is known to be more likely with smaller junction sizes. It is 
an important aspect to be considered in this specific 
application because of the potential for comparatively high 
power r. f. (-1-20 W pk) and hence diode failure. It has been 
noted elsewhere in this thesis that theoretical predictions and 
measured values of the non-linear aspects of series resistance 
Rs, i. e. when the epitaxial layer ceases to be fully depleted, 
are very close. Thus, the likely dissipation of power in Rs 
can be predicted using the program RNGTXLOPdc. 
Reference to this program shows that total junction 
dissipation is designated (ref fig 6.21), as, 
(ies)=Rs + i, &Vj 
since Rs = Rsub + Repi. 
where Rs = total series resistanceg 
Rsub = Substrate resistance, and 
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Fig 6.25a Illustration of the effect of Rbyp value on d. c. voltage 
across load resistor Rbyp for Increased Coupling, for Len3=0.5 mm. 
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Repi = Resistance of the undepleted epitaxy. 
Repi is zero for Vj < 0.5042 volts and Rsub was measured 
in chapter 5 as nominally 32 ohms. One could argue that the 
power in Rs is less significant because of the spreading effect 
of thermal dissipation, whereas the dissipation in Gi is 
confined to the very small volume associated with a junction of 
diameter 2 microns. Equally one could argue that when Repi 
becomes significant for Vj > 0.5042 volts then Repi should not 
be apportioned to Rs but to Gj since Repi is associated with 
the junction volume. For low power excitation, (0.1 Watt c. w. ) 
only the power in junction conductance Gj will be considered 
although later analysis will include power in the series 
resistance, P_Rs for higher power excitation. 
Figure 6.27 shows the power in junction conductance Gi for 
the two through guide insertion loss conditions 0.1 dB and 0.3 
dB, for an airline length Len3 =1 mm. This waveform coincides 
with the falling edge of the positive excursion of Vj; peak 
power is only 3.5 mW at 0.3 db. Since, 
Energy = Power x Time, 
then energy per pulse equals 10 femto-Joulesi this is 
equivalent to 0.35 mW mean and is unlikely to damage the 
junction. Saturation is apparent here as the 0.3 dB figure is 
only 3 dB up on the 0.1 dB figure, not 4.77 dB as might be 
expected. The failure mode that is most often reported is 
reverse breakdown, resulting from avalanche effects. Figure 
6.2B shows that reverse voltage overshoot due to resonance or 
non-linearity is not applicable here since the -ve excursion of 
Vi is <-Vt; reverse breakdown for this device is typically 3-5 
volts. An insertion loss of 0.3 dB is therefore non-hazardous 
at 100 MW C. W. 
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Fig 6.28 Illustration of the effect of Antenna Coupling Factor 
on Junction Voltage Vj for I/L=0.1,0.3dB & Len3 - 1.0 mm. 
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Fig 6.27 Illustration of the effect of Antenna Coupling Factor 
on Instantaneous Power in Gj, I/L=0.1,0.3dB & Len3 - 1.0 mm. 
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Fig 6.29 Illustration of the effect of Incident Wavegulde Power 
on Instantaneous Power in Gj, Pinc = OAW, 1W, & Len3 = 1.0 mm. 
6.13.6 The effect of Incident Waveguide Power on P Qj & Vi. 
Figures 6.29, and 6.29a extend the previous section one 
further stage by establishing the likely instantaneous power 
and junction voltage when incident waveguide power is increased 
to I Watt c. w. This is not an unrealistic figure; as stated in 
chapter 2, peak powers of several Watts occur at the output of 
a typical 0- band gas tubeg and primerless tubes frequently 
produce 10 - 100 Watts peak. Using a coupling factor of -10.83 
dB, the peak power in Gj is computed to be 15 mW. From E=PxT, 
this equals 49.9 femto-Joules, or 1.5 mW mean. Again these 
figures in themselves are unlikely to cause diode failure. The 
junction voltageg however can be seen to be substantial in the 
case of 1 Watt c. w. 9 exceeding the excitation amplitude. As 
stated in the previous section, it is this aspect which is most 
likely to cause diode failure; based on MEDL published data, 
this may well occur here. 
6.8.7 The Effect of Overlay Capacitance. 
The essence of a good millimetric diode in terms of 
rectification efficiency is low total capacitanceg and low Rs. 
The MEDL DC15160 is a selected X-band diode from the DC1516 
seriesq bonded for low junction capacitance on one of the 
smaller dots of this seven dot chip (see fig 5.2b). During 
S. E. M. examination and subsequent etching off of the gold 
bonding pads, it became clear that overlay capacitance (section 
5.4-2) would swamp junction capacitance. Additionally, it was 
noted during ideality factor measurements that dot 7 diodes 
(the smallest capacitance) failed readily at forward d. c. 
currents that the larger dot 4 junctions were able to 
withstand. It is likely therefore that in striving to select a 
low total capacitance, Ct, excess overlay capacitance, C-over 
will necessitate bonding to a smaller, less robust junction. 
In the high power environment of a receiver protector this 
could result in high diode failure rate. With this in mind, 
dependance of instantaneous junction conductance power, P-Gj, 
and junction voltage Vj, overlay capacitance is assessed in 
graphs 6.30 to 6.31 for incident power, Pinc: = 100 mW. This 
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Fig 6.30 Illustration of the effect of Overlay Capacitance 
an Instantaneous Power in Gj, C-over - 10,40fF & Len3 - 1.0 mm. 
Fig 6.31 Illustration of the effect of Overlay Capacitance 
on Junction Voltage for C-over - 10,40,6OfF & Len3 - 1.0 mm. 
particular test is not aimed at comparing the burnout levels of 
different diameter junctions since no thermal data for the 
junction exists. It will, together with figure 6.36, enable 
the shunting effect of parasitic overlay capacitance to be 
studied. In the case of a 10 femto-Farad overlay, the power 
peaks at -2 mW; if we assume this waveform is rectangular and 
it is 2TV3 Radians in duration, then energy content will be 19 
femto-Joules. The equivalent mean power will be 0.67 mW. 
For the case where overlay capacitance = 40 fF, energy is 
12.5 fJ, and mean power is 0.44 mW. Although neither of these 
figures are likely to cause failure, power P-Gi in the junction 
conductance is nevertheless increased by 50 % for a decrease in 
overlay capacitance from 40 to 10 fF. One other negative 
aspect of excess C-over will be degradation of rectification 
efficiency, this will be discussed in a subsequent section. 
Figure 6.31 illustrates the change in negative voltage 
overshoot as a function of the overlay capacitance values 10, 
40, & 60 fF. The nominal measured value for C-over from 
chapter 5 is 50 fF, and for this value negative voltage 
overshoot would not occur (Vt = 2.2 volts for Pinc=100 mW and 
insertion loss = 0.3 dB, see fig 6.29a). For the case where 
overlay capacitance C-over = 10 fF, series resonance will 
occur; negative overshoot is shown to be -2.5 volts, this 
exceeds Vt. The conclusion is that excess overlay reduces 
junction conductance power dissipation P-Gj and reduces the 
likelihood of reverse breakdown and diode failure, albeit at 
the expense of rectification efficiency. 
6.13.8 The effect of Package Inductance Lp on Conductance power 
dissipation P Gj & Junction voltage, Vi. 
In view of Fleri & Cohen's statement on package 
inductance, one might expect a substantial dependance of Vi on 
Lp. Neither of the graphs 6.32 or 6.33 indicate a critical 
dependance of Vj and P-Gi on Lp, the effect being only phase 
delay. The two values used for this test were 1 nH and 0.23 
nH, these being the estimated (but not measured) 0.00033 inch 
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Fig 6.33 Illustration of the effect of Package Inductance Lp 
on Junction Voltage Vj for Lp - 0.23 & InH, Len3 - 1.0 mm. 
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Fig 6.32 Illustration of the effect of Package Inductance 
on Instantaneous Power in Gj, Lp - 0.23 & 1.0 nH, Len3 - 1.0 mm. 
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bondwire inductance, and the value found to best suit the 
optimisation program 22GHZSMTH2 (section 5.4.2-2). 
6.8.9 The dependance of Conductance power dissipation, P Gi 
and JunctionVoltage, Vi on Series Resistance, Rs 
It has been stated that few authors consider the 
non-linearity of series resistance, Rs to be significant, but 
that in this specific application the possibility of it 
affecting high power response cannot be ignored. Figure 6.34 
indicates that the effect of changing Rs from 32 ohms to 16 
ohms has no real effect on junction conductance power 
dissipation. The effect on junction voltage overshoot is 
however quite discernable, see figure 6.35 16 ohms resulting in 
a greater -ve overshoot towards -Vt. This is a result of the 
reduced current limiting of Rs enabling junction capacitance Ci 
to charge more rapidly. 
6.8.10 The dependance of Load voltage V Rbyp on-overlay 
capacitance, C over & package inductance, Lp 
Both of the parameters C over and Lp would be expected to 
have a detrimental effect on what is effectively rectification 
efficiency at 35 GHz. At this frequency C_over will exhibit a 
high susceptance shunt path across Ci and Gj, and Lp will 
. exhibit a high reactance in series with Gi. Figure 6.36 
illustrates that reducing overlay capacitance from the measured 
50/60 fF to 10 fF would increase output voltage from 675 mV to 
1000 mV, or current from 675 pA to I mA. This represents an 
increase of 48 % and would ultimately be limited only by the 
zero biased junction voltage Co. The penalty is increased P-Gj 
and negative overshoot. 
The effect of Lp can be seen to be a resonant one, as in 
figure 6.37, summarised overleaf, 
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on Instantaneous Power in Gj, Rsub - 16 & 32 ohms, Len3 - 1.0 mm. 
Fig 6.35 Illustration of the affect of Series Resistance Rs 
on Junction Voltage Vj for Rsub - 16 & 32 ohms, Len3 - 1.0 mm. 
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-31 Rtx= 80 R Ltx- . 47 nH Rbyp- 1000 R Lbyp= 40 nH 
Fig 6.37 Illustration of the effect of Package Inductance an d. c. 
voltage across load resistor Rbyp, Lp=. 23, . 6,1, & 2nH Len3 - 1.0 mm- 
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Package Inductance Lp, nH 
0.23 
0.60 
1.00 
2.00 
V Rbyp, mV X_Lp ohms 
790 50.58 
1040 132.0 
825 220.0 
263 440.0 
and it is not therefore the case that bondwire should 
necessarily be kept as short as possible. In this application 
there would be advantages in terms of efficiency from a scheme 
whereby inductance were tuneable to induce resonance. 
6.8.11 The effect of non-linear series resistanceg Rs. _ 
Upto this stage of the research Rs has been treated as 
voltage invariant, and has been fixed at Rsub. Section 5.4.1.4 
described a law for series resistance as a function of Vi. Rs 
was shown to be constant in this MOTT structure at a value 
equalling the spreading resistance (32 ohms), upto the point 
under heavy forward bias where the epitaxial layer was no 
longer fully depleted. At Vi > 0.5042 volts, 
Rs = Rsub + Repi. 
Using the sub-routine Epitaxy in program RNGTXLOPdc, it 
has been shown that this breakpoint in Rs will not occur at 
less than -3 Watts, for an antenna coupling value of -12.5 dB. 
Figure 6.38a shows that for this power level, power dissipation 
in junction conductance is more substantial at - 40 mW peak, 
and that non-linear Rs causes current limiting and a reduction 
in P-Gj. Conversely, it is certain to cause a reduction in 
rectified voltage across R_byp. The change in Rs is shown in 
figure 6.38b to be 32 to 71 ohms. The implication of this is a 
large increase in junction power dissipation since it is the 
epitaxial layer where the additional resistance is established. 
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Fig 6.3Ba Illustration of the effect of non-linear 
Series Resistance Rs on Current In Gj, Pin-314, Len3-1.0 mm. 
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Fig 6.38c Illustration of the Instantaneous power 
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6.8.12 Power dissipation in Junction conductance, Gi and Series 
Resistance, Rs for non-linear Rs. 
Using the same incident power level of 3 Watts C-w-, 
figure 6.38c shows the total power waveform for the chip. 
Referring to the equivalent circuit of figure 6.21, total power 
Pt is defined as, 
Pt = Vj x i& + Um)ý x Rs 
where Rs Rspread + Repi, Rspread is spreading 
resistance, and Repi relates to the undepleted epitaxy, these 
being the only dissipative elements within the chip. 
For a worst case analysis the results in figures 6.38c, d 
apply. Total chip dissipation peaks twice per r. f. cycle 
because current still passes through Rs to Cj and C-over even 
though Vi is negative. Total power is quite substantial at 
130-100 mW peak, although part of this is dissipated in the 
larger volume associated with spreading resistance, and not in 
the junction. In view of the high duty factor it is likely 
that combined conductance power P-Gj and series resistance P-Rs 
would cause diode failure even if reverse breakdown did not. 
Figure 6.38d illustrates the contribution of dissipation in 
series resistance P_Rs to total chip dissipation. 
6.8.13 Comparison of theoretical & actual rectified output. 
For each of the three coupling factors associated with the 
insertion losses 0.1,0.2,0.3 dB, and for three airline 
lengths 0.5,1.0,1.5 mm., figures 6.39a-c show the relative 
theoretical and measured values for steady state d. c. output 
for 35 GHz input. These graphs incorporate all measured and 
optimised data for the diodes, transmission line, antenna, and 
lossY dielectric. For the same sample of diodes tested in 
section 4.3.51 recent results have been taken at 35 GHz for a 
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range of lower valued resistors than those previously used. 
Agreement is fair, disagreement may be caused in part by 
damaged diodes. 
6.9.1 Summary. 
From section 6.7.3 it is evident that bypass resistor 
voltage V_byp depends heavily on airline length Len3q as it 
does in practice. This is because Zone 3 input impedance 
ZinZone3 varies widely due to the mismatch between the Zone 3 
characteristic impedance Zo3 and Zone 4 input impedance 
ZinZone4. Best efficiency is only 2.5%, typical bypass 
resistor voltage V- byp is 16 mV (i. e. 1.6mA current) into 10 
ohms, or 250 mV, (i. e. 0.25 mA current) into 1000 ohms. The 
effect of coupling factor was shown in section 6.7.4; output 
voltage was shown to roughly double for antenna insertion loss 
increase from 0.1 dB to 0.22 dB. Change in efficiency with 
insertion loss, airline length Len3 and load resistor in 
tabulated below. 
Bypass Airline Length Len3, and Antenna Insertion Loss, dB 
Resistor Len3 = 0.5 mm Len3 = 1.0 mm Len3 = 1.5 mm 
R_byp 0.1 0.2 0.3 0.1 0.2 0.3 0.1 0.2 0.3 
1 ohm . 91 1.4 2.7 1.1 1.6 3.4 . 17 . 38 . 51 
1 kohm 2.2 3.6 4.2 2.6 4.1 4.7 . 60 1.2 1.5 
Illustration of Rectification Efficiency %v 1/L, Len3, & R_. Pyp 
Section 6.7.5 shows, through variation of the antenna 
coupling factor, that only . 35 mW mean power is dissipated in 
Gi for 100 mW incident r. f., and an antenna insertion loss of 
0.3 dB. It shows also that increasing antenna insertion loss 
from 0.1 dB to 0.3 dB i. e. increasing coupling factor from 
-16.43 dB to -11.76 dB, causes only a doubling of power within 
the junction conductance. This again sugqests saturation of 
the diode. Similarly, junction voltage is seen to double, not 
treble. 
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LC 
-The effect of increasing waveguide input power is probably 
the most important aspect of all. Section 6.7.6 shows the 
increase in junction conductance power, P Gi and junction ý''oltage 
Vi for an incident power increase from-0.1 W and 1 Watt 
nd an antenna insertion loss of 0.3, dB. Power is shown to 
each only 1.5 mW mean, whereas Vi reaches -7.2 volts, which is 
certain to destroy the diode. This suggests an upper bound to 
Pinc at this coupling factor. Overlay capacitance has been 
shown to increase junction conductance power P-Gj (sec 6.7.7), 
from 2mWpk to 3mWpk, when decreased from 40 fF to 10 fF. 
Similarly, the negative excursion of junction voltage is shown 
to change from -2v to -2.5v. The reduction in overlay 
capacitance C-over, however has a positive effect on conversion 
efficiency and this trade-off will be shown to be of particular 
importance. 
The initial results of section 6.7.8 are misleading, in 
that they suggest there will be a minimal variation of P-Gj and 
-Vi with package inductance of 0.23 nH and 1.0 nH. Observation 
of figure 6.37, and section 6.7.10 indicates however, that 
efficiency is highly dependant on the value of Lp, and that the 
two values chosen in section 6.7.8 were not representative. It 
is certain that negative overshoot for Lp = 0.6 nH, had it been 
plotted, would be resonant. Series resistance Rs has been 
shown in section 6.7.9 to not affect junction conductance power 
P-Gj, and to have a small effect on Vi. 
Parameters overlay capacitance C-over and package 
inductance Lp have been shown to have the most marked effect on 
rectification efficiency. Reduction of C_over from the present 
50/&0 fF, to for instance, 10 fF has been shown to cause an 
increase of efficiency of 48% in d. c. output for an antenna 
insertion loss of 0.3 dB. The efficiencies at 60,40, and 10 
fF would be 5.5%, 8.2%, and 12.1% respectively; this is 
obviously of prime importance. The effect of Lp on conversion 
efficiency is likewise critical; for Lp = 0.23,0.69 1.0. and 
2nH efficiencies are 7.6.13.19 8.24, and 3.18 % respectively. 
The way to optimised efficiency is therefore clear. 
Non-linear series resistance is shown to take effect at an 
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incident power of 3 Watts and antenna insertion loss of 0.2dB. - 
where 3 Watts is by no means the maximum likely to be seen in 
the waveguide. When Rs increases it has the effect of reducing 
Vi and the power dissipated in Gi. However, the additional 
power dissipation in Rs as it increases towards Rs = 70 ohms 
causes add an extra 80 % to total device dissipation. This is 
so since the non-linear part (only) of Rs may be considered 
resident in the depletion region of the epi-layer once it is no 
longer fully depleted. This is the first instance where device 
power dissipation is expected to cause failure. 
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Chapter 7 Conclusions. 
7.1 Introduction. 
Documented design data relating to the topic "receiver 
protectors" has received little in depth attention since the 
publication by M. I. T. of the books 'Waveguide Handbook', 113, 
edited by Marcuvitz in 1948, and 'Microwave Duplexers' 123, by 
Montgomery and Smullin, in 1951. As a consequence, improvement 
in receiver protector overall performance has in many respects 
been less effective than it could have been. Indirectly this 
must reflect on RADAR performance, cost, reliability, and the 
success of any particular system. 
Overriding this research programme there has been a need 
to reconcile measured sampling diode response at 35 GHz with 
predicted response from a computer model. Defining embedding 
impedances of source, load, and diode has enabled an 
understanding of the rectification process to be gained. 
Sensitivity of the modelled response to variations in most 
parameters has given an insight into likely performance 
dependance at 35 GHz. 
Specifically, the following can be concluded; 
7.2 The Sni+fer Assembly, Chapter 4. 
_ 
Practical aspects for the realisation of a 35 GHz sampling 
diode have for the first time been defined and recorded. This 
includes specific and detailed comments on the reasons why such 
a component is necessary, the way in which it operates, the 
r. +. environment in which it is placed, and its limitations. 
The first series of measurements taken during this 
research using these devices lead to documentation of likely 
E. M. F. 's, source impedances, efficiencies and maximum source 
currents from a typical production batch. This data will 
enable future waveguide PIN/limiter designs to be arrived at 
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more speedily. Gaining an insight into the efficiencies 
Involved in d. c. to 35 GHz conversion has enabled 
c= I arif i cation of the circumstances in which "sniffer" 
porf ormance needs to be enhanced. In striving to produce more 
r-ac: ti-Fied current for less insertion loss, at less risk to the 
Schottky, means of improving efficiency will have to be 
addressed. 
Whichever way a sampling diode is realised, in waveguide, 
inic: rostrip, co-ax, or finline it will inevitably form part of a 
t, ransmission line system. The use of scale modelling is not 
always appropriate; in this instance however, measurements at 
7.5 GHz have been shown to follow theoretical predictions quite 
well. Practical data relating to the performance of lOssY 
rnaterials is rarely published; direct contact with the 
cnanufacturers has revealed in fact that they were unable to 
ineasure it at 35 GHz. Correlation of calculated loss factors 
vjith those measured here at 7.5 GHz, together with close 
agreement between computed and manufacturers figures at 18 GHZ, 
have shown quite positive results. Therefore, within the 
bounds of extrapolation from 7.5 GHz and IS GHz upto 35 GHZj 
there must exist a degree of faith in computer predicted 
results of operation at 35 GHZ- Verification of the 
ýignificance or otherwise of primary and secondary line 
c: haracteristics has been made through evaluation of the complex 
line parameters. These are specific to this particular line 
but the principles will be applicable to all transmission 
media, and at other frequencies. it can be concluded then that 
a realistic line model has been developed. 
With regard to the loop antenna, scale modelling has 
enabled a realistic practical impedance model to be devised 
without resorting to a field theory approach. Scale modelling 
has also enabled measured values to be attributed to coupling 
+actor and waveguide insertion loss and has confirmed the 
practically observed fact at 35 GHz that sniffer coupling and 
resulting insertion loss are independant of loop orientation. 
A further question is raised here in that loops at lower 
frequencies, e. g. 1 or 3 GHz, are known to be orientation 
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dependant. It seems likely that the reason is related to the 
fact that this particular antenna is comparable to Ag at 35 
GHz, whereas this will not be so at S-band. The 
loop has been shown to be capacitive. This will be of 
significance in the design of higher frequency "sniffers", and 
emphasises the value in scale modelling of any proposed higher 
frequency variants. 
Tests on retracting the scaled antenna into its 
cylindrical mount have shown the tendency towards totally 
reactive impedance. This situation is directly applicable to 
the 1: 1 model, and represents a cut-off mode, i. e. one that 
cannot propogate down this diameter. The existence of this 
mode had not been considered prior to this research; it will 
serve to improve attenuation of 35 GHz r. f. in the co-axial 
line. 
The 0.5dB difference between calculated and measured 
coupling factor is an important finding as it will influence 
the survival of the Schottky. It illustrates that loop antenna 
coupling factor calculated from increased insertion loss cannot 
be relied upon, and again illustrates the value of scale 
modelling. 
7.3 Characterisation of the Schottky diode, Chapter 5. 
This has been used to detail test techniques and results 
for all diode parameters. It has been confirmed that for 
standard production Dot 4 and Dot 7 junctions, smaller 
junctions yield lower Io, higher 'n' value, and higher Rs. it 
has also been shown that measured Io is three times the 
theoretical value, and that this is attributable to alloying 
around the junction. The equation for Io is therefore not 
correct for this application. 
Results for Rs have confirmed the contribution of 
undepleted epitaxy at the predicted junction voltage Vj>0.5047 
volts, and has shown that the DC1516Q is a MOTT structure; no 
account has been given of the discrepancies between measured 
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and calculated Rs. Practical values were found to be -2.3 
times theoretical although the ratios of Rs for Dot4 to Rs for 
Dot7 Rs was as predicted from theory, i. e. the ratio of the 
two radii. It seems likely therefore that the commonly used 
expressions for spreading resistance are not correct for the 
epi-layer/junction radius aspect ratio seen here. It has been 
concluded that Rs will suffer if Dot. 7 is chosen, that it will 
burn out more readily, and that non-linear Rs is indeed highly 
significant in this application. It has been shown that 
measured and theoretical Cj even at Vj=O is in error. Even the 
addition of overlay capacitance leaves an error of -20/25 fF, 
although Copeland, [33, etc may explain part of this, as will 
bonding strays. Cj has been shown difficult to de-embed under 
conditions of hard forward bias, the importance of Ci at high 
power has been stressed. The error in Ci roll-up at 1 MHz is 
explained as is the fact that testing Cj at I GHz will not 
solve the problem. In considering the de-embedding problem, 
previous authors such as Goodman have failed to include Cp, Lp, 
or non-linear Rs. It has been shown that the usual technique 
for computing 8 and doping density, Nd, will not work for a 
MOTT structure, and that De Loach was ruled out through 
difficulties in implementation and the shunting effect of Gi. 
De Loach has therefore been superseded by the new HP8510B 
implementation for embedded parameter validation, including Rs. 
This is believed to be the first reported use of vector 
analysis techniques for de-embedding microwave semiconductors. 
Using the computer based impedance model for calculating 
S11, optimised impedance fits have been achieved. Most 
parameters that were envisaged as being important to the diode 
model were shown to be quite good estimates, e. g. Co, and Cp. 
Circuit elements that have been introduced through necessity, 
e. g. C_over, and Rs have been shown to have a substantial 
effect on modelled sniffer performance at 35 GHz- 
7.4 Non-linear Computer Analysis, Chapter 6 
Three schemes for non-linear analysis, of this microwave 
problem have been reviewed, and justifications made for the one 
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which was chosen. The work of Fleri & Cohen has been studied 
and several advances made on their findings. Through extension 
of their research, all salient parameters of this structure 
have been incorporated into a new model. 
It is the findings of section 6.7 that are of primary 
interest here, i. e. figures 6.22 onwards. It has been shown 
that a d. c. bypass inductor can be incorporated without unduly 
perturbing the diode model response, and that this successfully 
simulates the P. I. N. d. c. return. An assessment of the 
dependance on co-axial line length has shown output to be very 
variable, as is the case in practice at 35 GHz. This therefore 
confirms and clarifies the existence of a standing wave effect 
at the diode. The effect of coupling factor on d. c. output has 
been evaluated for the three most important line lengths, 0.5, 
1.0,1.5 mm. The likeliho6d of diode burnout with respect to 
an increase in antenna coupling, or incident power, has been 
computed with regard to power dissipation in Gi and Rs. 
Similarly the more usual failure mode of reverse breakdown with 
regard to drive level, package inductance, and reduced overlay 
capacitance has been commented upon. 
Salient findings are there-Fore, 
1) Efficiency is highly dependant on airline length, best 
efficiency is typically 2.5% 
2) Efficiency is not directly proportional to insertion 
loss because of diode saturation. 
3) Antenna coupling has been shown to be safe, in terms 
of P-Gj and negative junction voltage overshoot, for upto 
-10.83 dB, i. e. 0.3 dB insertion loss, for upto 100 mW 
incident power. 
4) An incident power of 1 Watt, at 0.3 dB antenna 
insertion loss, is likely to cause diode failure through excess 
negative junction voltage overshoot. 
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5) Reducing overlay capacitance has been shown to increase 
negative Vj, and the power dissipated in Gj; this will increase 
the likelihood of diode failure. 
6) Reducing overlay capacitance has been shown to enable 
an improvement in efficiency from 5.5% to 12.2% for an antenna 
insertion loss of 0.3 dB. 
7) Package inductance can be adjusted in the computer 
model to increase efficiency from 5.5% to 13.1%. 
8) Non-linear series resistance has been shown to take 
effect at 3 Watts incident power, and it will result in almost 
100% increase in power dissipation within the epi-layer. 
Dissipation within Gi would then be -80-100mW. 
7.5 Suggestion for improving the"sniffer" design. 
The following listing seems appropriate, 
Replacing the Eccosorb absorber with a conductive slug 
e. g. brass would enhance the Zone3/Zone 4 mismatch, give a 
more pronounced standing wave pattern at the diode, and may 
well improve rectification efficiency. 
Saturating the diode through increased insertion loss 
means that closer coupling of tha antenna may well be counter 
productive. 
Powers as low as 1 Watt are likely to cause diode failure 
through excess negative junction voltage overshoot, at 0.3 dB 
antenna insertion loss 
Reduction of overlay capacitance will increase efficiency, 
but at the expense of increased negative junction voltage 
overshoot. Instead of constantly striving for a diode of 
better tangential sensitivity, (typically -55 dBm) it would be 
more productive to use a less sensitive, low overlay 
capacitance device. It is quite unnecessary for the receiver 
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protector to operate at -45 dBfn, (-55 dBm at the Schottky), and 
there+ore the device currently in use will be unduly sensitive 
to burnout. 
The prospect of increased efficiency through simultaneous 
minimisation of overlay and tuning of package inductance is an 
attractive one, however the practicalities. of tuning Lp would 
be difficult to overcome. Doubtless some of the 
sample-to-sample variations so far observed will be 
attributable to variability of Lp. 
In view of the proven effect of series resistance on P-Gi, 
power handling would be enhanced by increasing the junction 
voltage at which Rs ceases to be linear. This would take the 
form of further narrowing of the epi-layer. 
In conclusion, a correlation of computed and measured 35 
GHz to d. c. conversion efficiencies has been made in figures 
39a-c. Agreement is fair, although one must bear in mind the 
many areas between the 35 GHz source and the d. c. output that 
will have contributed to these discrepancies. 
7.6 Suggestions for -Further Research. _ 
As a consequence of the research detailed in this thesis a 
substantial number of avenues have opened where further 
original investigations could be made into similar high power, 
high frequency applications. Such work would primarily be 
aimed at assessing the behaviour of Schottkies when used as 
sniffers in waveguide and microstrip, the effect of embedding 
networks, also applications and efficiencies etc., at 94 GHz. 
The following listing seems appropriate, 
a) Assessment of equivalent circuits for Gallium Arsenide 
beam lead Schottky structures with a view to exploiting their 
low parasitic properties. 
b) Confirmation of the previously mentioned statement that 
a lower sensitivity Silicon diode with minimised total 
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capacitance would be more of use in this application. 
c) Evaluation of harmonic content within the variou% 
non-linear voltage waveforms in chapter 6. 
d) Re-running of the non-linear analyses using the 
technique of Harmonic Balance. 
e) Optimisation of the vector based network analysis 
programmes used for investigation of embedded diodes. 
De-embedding of diodes, particularly millimetric, is an ongoing 
limitation to the full understanding of mixers, and moreso to 
heavily biased diodes as in this application. 
. 
+) Exposure of the 'sniffer' computer model to pulsed r. 4' 
at 35 GHz. 
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List of Symbols. 
Waveguide 
Symbol 
0-band 
V-band 
W-band 
Epk 
a 
A%3 
Symbol 
ci 
Lp 
Cp 
.n 
Gi 
Rs 
Vi or Va 
0 
vt 
V or Vg 
Rg 
8 
Vf b 
Co 
r 
fF 
Io 
Def inition 
26.4 - 40 GHz 
50 - 75 GHz 
75 - 110 GHz 
Peak Electric Field 
waveguide broadwall dimension 
waveguide narrowall dimension 
free space wavelength 
guide wavelength 
Schottky Barrier Diodes 
Definition 
Junction capacitance 
Package inductance 
Package capacitance 
Ideality factor 
Junction conductance 
Series resistance 
Junction voltage 
Barrier height 
Diode terminal voltage 
Source voltage 
Source impedance 
Non-linearity of Ci 
Flat-band junction voltage 
Zero-bias junction capacitance 
Junction radius 
femto-Farad (=0.001 pF) 
Junction saturation current 
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k Boltzmanns constant 
e, q Electronic charge 
T Temperature, Kelvin 
A- Effective Richardson constant 
W Depletion layer width 
dI Epitaxial layer thickness 
U1 (low) Conductivity of 
undepleted epitaxy 
A device junction area 
Ad device substrate area 
(high) Conductivity of 
substrate 
Transmission Lines 
Symbol Definition 
Zs Input impedance 
Zr Termination impedance 
1, Len Line length 
Zo Characteristic impedance 
Is Propogation constant 
L, Lext Inductance per loop metre 
Lint Conductor internal inductance, 
per loop metre 
G Conductance per loop metre 
R Resistance per loop metre 
C Capacitance per loop metre 
Tan(S) Loss tangent 
Tan(Sm) Magnetic loss tangent 
Oc Attenuation constant 
Phase constant 
Angular frequency 
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Appendix 2. 
Scale Modelling and Non-Linear Analysis of a 35 GHz 
Sampling Diode Assembly. 
I. E. E. Colloquium entitled: - 
"Modelling and Analysis of Circuits and Devices. " 
4th December, 1987. 
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Hakelock/E. j. Climer/R. D. -Seager 
INTRODUCTION 
This paper will be used to detail a progr-amme of research which has been used 
to gain an understanding of the workings of a Schottky barrier sampling diode 
assembly (generýany referred to as a sniffer diode) operating at 35GHz in a 
millimetric mixer PIN limiter. The function of the sampling diode is to rectify a 
Part of an incident 35GHz medium power (- 1OW peak) r. f. signal so that the d. c. 
current produced may be used as a me-bias for a PIN attenuator. This enables 
power limiting to occur at an incident power below which the PIN diode itself 
would be able to linit. This enhances the protection afforded to the mixer. 
The Sampling Diode Assembly 
This component samples 35GHz from WG22. It consists of a LID packaged 
Schottky barrier diode located inside a coaxial line, the coaxial outer diameter 
being 1-5mm, the line being 8-5mm long - see Figs 1&2. RF power is coupled 
off the main waveguide using a loop antenna and rectified current propagates 
along the coaxial inner, to be connected to a PINAimiter diode. The diode is 
supported by various dielectrics, each of which forms one zone of the coaxial 
line. 
There are several distinct reasons why this research programme was necessary: - 
There was a need to maximise production yield - not all 
sampling diode assemblies were found to offer the requLred 
improvement in limiter leakage. 
2) There were potential applications at higher frequencies e. g. IWI 
band 75-110GHz. 
3) There were new applications where the diode was required to 
produce more d. c. biasing current yet survive up to ten times 
the incident peak power. 
4) No f3rm documented evidence could be found to support the 
view that the sampling diode enabled instantaneous (sub nano- 
second) mixer protection at the onset of RADAR r. f. 
transmission. Failure to do so would degrade "spike" leakage 
protection. 
P. A. Blakelock/B. J. Climer - Marconi Electronic Devices Ltd., Doddington Roadf Lincoln LN6.3LF 
R. D. Seager - Loughborough University of Technology, Department of Electronic 
and Electrical Engineering. 
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z) Llittle clocumentation e)cL-ts concerning the useage and likely 
performance of SchotVky diodes as hig-h power miMmetric 
"sniffers". 
Evaluation has fallen into 6 distinct categories as follows: - 
1) RF to d. c. conversion efficiency measurements at 35GHz. 
2) Practical modelling and measurement of a 4.666: 1 scale model 
coaxial line and antenna, measurements being made at 1: 4.666 
scale frequency ie. 6.4285 GHz to 8.5727 GHz (represnting 30- 
40GHz). 
Computer modelUng of the coaxial line, to include complex 
permeability and permittivity of the lossy load material. 
4) D. C. and low frequency (lMHz - 50OMHz) characterisation of the 
packaged and unpackaged diode. 
5) R. F. de-embedding of the diode equivalent circuit at 22 GHz. 
6) Fourth order Runge-Kutta. analysis of the non-linear 
diode/coaxial assembly. 
Conversion Efficiency Measurements 
Clearly it is not possible to observe the waveform associated with a 35GHz pulse 
source. Similarly it is not pr-acticable to observe, with any meaning, the 
d-c/microwave content of the Schottky output as it is in situ, driving a non- 
linear PIN/limiter diode mounted in a difficult to define waveguide structure. 
This series of tests were therefore confined in the f1rst instance to measuring 
35GHz rX. power entering a section of WG22 and measuring the resulting d. c. 
current/vc1tage of several sample diodes into various values of fixed resistor. A 
typical characteristic is shown in Figure 3; this illustrates the direct current 
voltage across the resistor value found to reduce the open circuit voltage by 
50%. Some indication of source impedance is implied here. The Schottky 
assembly was adjusted to yield an increase in waveguide insertion loss of 0.2dB 
for these tests, an adjustment'for degradation in return loss has been made. It 
is these figures that are to be verified using the computer model. 
Scale Modelling of the Coaxial Line 
The dimensions of the sampling diode assembly preclude its-direct evaluation at 
35GHz. It is legitimate to scale model dimensions and fl7equencies in a loss-less 
situation, therefore the 1.5mm coaxial outer diameter was scaled by 4.666 times 
to- a coaxial outer diameter of 7mm, rendering it measurable in an APC7 system. 
Using an 8510B, a series of curves were obtained indicating the input impedance 
as a function of airline length for the frequency nange 6.4285 GHz to 8.5727 
GHz. The airline length variation represents the optimisation process which is 
used on each 35GHz Schottky assembly during production. 
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7: * 
!' 
'-e 'i)f value, tne transmission 2ine content of that 
model has to týe shown to agree with practical results. By compiling the 
diFien-s-ion 
su h 
related line parameters L, G, R&C, together with skin effect parameters, 
as ,c 
internal induc tance, it has been possible to plot comparable curves 
alongmide those for the practical measurements. However, the inclusion of lossy dielýctrllcs, in this case Emerson & Cumin g Eccosorb 114, introduces a non- Ii6earit 
!, I 
y 
factors 
with ftequency. The model has been modified therefore to include the 
Cr=ErJ cr it 
and Pr =4r AIr 
requiring the equation for propogation constant to become 
y2=( (R + wTan 6 mL) +jw L) ( (G +w CTan 6+ jw C) 
.1 thereby including factors for I'lossy capacitor" conductance and I'lossy inductor" 
rI keýstance. The calculated loss per unit length agrees wenwith that publ hed is 
by the manufacturer, ie. 11dB/cm at 8.6GHz. Computer predicted response ýOmpared with 8510B measured response is illustrated in Figure 4. The value this ýresents to the diode as a load is (160 + j24.2) ohms at 35GHz, on both practical and theoretical models this is invariant with external termination. 
Intenna Measurements 
'An 
exact 4.666: 1 scale model of the antenna has been assembled and evaluated 
,, 
for impedance using the 8510B, across the scaled frequency r-ange 30-40GHz. All 
diameters arle correct, including that of the loop material. The measured 
! ýimpedance could only be considered representative if measured in scaled 
JýIwaveguide, the nearest being WG14 which is 1.67mm oversize on the internal 
11 broadwall or 5%. 
Measured results (Figures 5 and 6) indicate little variation in either impedancep 
coupling factor or waveguide insertion loss, as the loop antenna is rotated 
through 3600. The measured relationship between power coupled out of the 
waveguide run and transmission loss show that 0.2dB insertion causes -12.89dB 
coupling. 
When transformed through the test 
characteristic becomes that of Figure 7 
35GHz is (7.29 - J106) ohms. i 
length of APC7, the loop impedance 
and the impedance at the frequency of 
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ý-f týe Fac'. Anrel -, Dicde 
mOýJel for the cackaged diode includes junction conductance, junction 
-capacita ce, overlay capacitance, series resistance, package inductance and 'r -I -riackage capacitance. In order for the computer model to be valid, the equation 
ýis_e to I describe each diode parameter has to be verified. 
Junction conductance and series resistance can be calculated comparatively easily 
, along with reverse leakage current, by plotting I-V characterýstics flom. nano- 
ainpis to tens of milliamps. Figure 8 illustrates plots for nine samples of diode, 
four being' DOT 7 and five being DOT 4 of the seven dot nickel on silicon DC1516Q MEDL diode. Reverse satunation current is calculated from the IYI 
-Intercept, ideality factor In' from V-I slope. Series resistance is calculated using 
the deviation from best f1t. Figure 9 illustrates the variation jn diode series 
rNesýnce, for large forward current/voltage. Authors (1,2,31 rarely include a 
, 
Variati6n of Rs with their analysis, and so little data has been found to relate 
measured values of Rs to that predicted. Series resistance has been calculated 
using ý'the equation suggested by Sze (4]. This accounts for resistance in three 
zones, that is- 
1) The undepleted epitaxy. 
Substrate re-tstance. 
Spreading re, ýtance. 
I Further investigations are underway to improve agreement between the theoretical 
and the measured figures. 
RF de-e nbedding of Junction Capacitance 
Junc-I Capacitance is non-linear also, due to the variation of depletion width 
with junction voltage. It has proved difncult to verify the theoretical model 
under conditions of forward bias because of the increased conductance resulting 
f1rom forward conduction. Attempts to measure the capacitance undng a 1MHz 
Boonton phase comparison meter were not successful and impedance measurement 
at 1,50OMHz using a Hewlett Packard 4191A analyser failed to de-embed the 
gapacitance. Computer modelling of the de-embedding procedure has shown that 
even a test frequency of 100GHz would not enable accurate measurement of 
Junction capacitance at a forward voltage approaching the barrier height. Using 
a 0-5mm alumina substrate and 50 ohm line, measurements of a diode chip have 
been made at 22GHz under conditions of forward bias. At the time of writing, 
this data had not been processed. This test method has been used, in the first 
instance, in preference to De Loach analysis mainly because of mechanical 
limitaitOns in Placing a 150 micron cube diode chip in WG25 and being able to 
bias it. It is anticipated that the De Loach measurements would also be limited 
by junction conductance. 
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-7curth Order Runze-;: utta Analvsds 
EiI nis technique has IL. -een Jetailed by authors such as -Fleri and C"wohen 
The addition of package capacitance to the equivalent circuit (Fig. 11) has been 
shown to have little effect on the reverse voltage overshoot seen by Fleri and 
Cohen. Figure 12 illustrates this. 
The cOmposLte equivalent circuit for diode, antenna, and load impedance is shown 
in Figure 13. Included also is an inductor/resistor series combination enabling a 
d. c. current return through the test resistor originally used during efficiency 
measurements. Using Runge-Kutta for these six reactive elements it is possible 
to accommodate any form of voltage non-linear response. When an acceptable 
description of the series resistance non linearity is realised, then the six Runge- 
Kutta equations will be modified. Early results for rectifted current and juncti(; n 
voltages are shown in Figure 14. 
Conclusions 
Scale modelling has been shown to be valuable validation technique when 
developing computer modeL% Additionally, good agreement has been achieved for 
the performance of lossy materials. To date not all diode parameters have been 
fully validated; the measurement of forward bias junction capacitance has been 
shown to be more difficult than at fimt it appears. 
Through a combination of coaxial scale modeUing, microstrip impedance 
measurement at 22GHz, efficiency testing at 35GHz and non-linear analysis, a 
nr, zt, order equivalent circuit has been established. 
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Appendix 3. 
Program Listing. 
Program Name: LNCHRSvALL 
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20! *AEm itis zrDors, in LrCbQ? vPLL. It w7awles the calculstior n; A- 
00! *"Eý Fr: rn y Line rnsracteýw L, &, R; CiGQMAA, Zo & ZS VOR CAb:! = * 
43! kREM Co-YA: al ties. ir=luding conp1w permittiwities & complez 
50! *RHM ps-meahilities, Ths 1iia is tqs I:! versim rat 4.62,:! 
600REM Parmsawlities and Tp-deltam Etc are extrap0ated to 05 CA= 
70IREN kZRSION 21 10th, May, 1987 
00! OREN R=Dk 2 13 7HE SCHOTTKY, RZOIGN 5 1S THE ECCOIOND ? ASTE 'E' 
95 
100 GOSUB smithzhart 
ALL LINE PARAMETERS BELOW ------------------- 
120 READ Epscer, Epzptf, Epseccsb, Rzch, Zo_syst, Epso 
130 DATA 9.5,2.1,9.5, . 5E-3,50,8.854E-12 
140: PRIWT Epscer, Epspt+, Epsecosb, Rsch, Zo_syst, Epso 
150! 
160 READ Ri, Ro, F 
170 DATA 
. 05E-30 . 75E-3,35E9 130PRINT Ri, Ro, F 
i9o! 
200 READ Len2, Len3, Len4, Len5 
210 DATA . 003,. 001,. 0045,. 0002 
220! PRINT Len2, LenT, Len4, Ler5 
230 ! 
240 READ Rhoptf, Rhocer, Rhoecosb, Rhoair 
250 DATA I. E15 1. EI3 , I. E15,1. 
E20 
260PRINT Rhoptf, Rhacer, Rhoecosb, Rhoair 
270 ! 
260 READ Mucer, Muptf, Muecosb, Sgmacop, Sgmaphbr, Muo ! ASSUMES Mucer&Muptf 
290 DATA 1,1,1,5. BE7,5. SE7,12.56636SE-7 
300! PRINT Mucer, Muptf, Muscosb, Sgmacop, Sgmaphbr, Muo 
310 ! 
320 READ Tandeltajandeltajn 
330 DATA . 05,0.53 
340! PRINT Tandelta, Tandelta 
350! ---------------------- END OF LINE DATA --------------------------- 
360! 
: 7.70 REM IN PRACTICAL SCALED MODEL MIN=13.62 MAX=34.62 
ZOO REM Len3 is the airgap length 
390! FOR Lan3=25.96/4.66666*E-3 TO 43.96/4.666666*E-3 STEP 5. E-5 
400! FOR Len3=1.362E-2/4.66666 TO 3.462E-2/4.666666 STEP 5. E-4 
410 FOR Len3=0 TO 3. E-3 STEP 5. E-4 
420 PRINT "" 
430! PRINT "Len3="; Len3 
440 Exit=O ! MOVES PLOT @ CHANGE OF FRED 
450! FOR F=3.0E+1O TO 3. IE+10 STEP 1. GE+9 
460 F=3.5E+10 
470 PRINT "Len3="; Len3 
400 Cmga=2*PI*F 
450! *****************CAPACITANCE(C)PER LOOP METRE********************* 
500 Eps_equiv=(Epsptf*LOG(Rsch/Ri)+Epscer*LQG(Ro/Rsch)) 
510 C2=2*PI*Epso*Epscer*Epsptf/Eps_equiv 
520 C3=2*PI*Epso/LOG(Ro/Ri) 
530 C4=2*PI*Epso*Epsecosb/LCG(Ro/Ri) 
540! *****************CONDUCTANCE(B)PER LOOP METRE*********************-I' 
550 G2=2*PI/Rhopt4/LOG(Ro/Ri) NOTE ASSUMED value of rho 
560 G3=2*PI/Rhoair/LOG(Ro/Ri) 
570 G4ecco=2*PI/Rhoecosb/LOG(Ro/Ri) 
580 64=2*PI/Rhoecosb/LOG(Ro/Ri)+Omga*C4*Tandelta 
590! *****************RESISTANCE(R)PER LOOP METRE********************** 
600 Rs=SQR(PI*F*Muo*I/Sgmacop) ! Surface ResistivitY 
610 Rskin=(Rs/2/PI)*(l/Ro+l/Ri) ! Skin Resistance 
620! *****************INDUCTANCE(L)PER LOOP METRE******************"*** 
630 Lext2=Muo*Mucer*LOG(Ro/Ri)/2/PI 
640 Lext3=Muo*LOG(Ro/Ri)/2/PI 
650 Lext4=Muo*Muecosb*LOG(Ro/Ri)/2/PI 
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twý! ý 0 : nLermal fnductance 670 RI=Rak! ý, : Zmel ResiM, pm. 620 RW=RSfLM-OmgavLe, LWTardnlna, m Zone4 Resistancs 
6? 0 ! 
7 0,0 rrýlt. T 
710 pRfNv "Fswnns 
700 PRINT 
! 30 MIT 
740 PRINT Lessj Inductor Loss 
75U PRIAl "Le. t4='; Lent4, "! i, v="; Lmt 
760 PRINT "wC4ran8="; Umga*C4*Tandelta LQSSY Capacitor Loss 
770 PRINT 
760 PRINT "R! ="; R!; 
7? 0 PRINT "LcAt3="; Lext3, "LKt="; Lint 
eOO! FRINT 
UALL 0-amMa. alpha : -4 beta FUH ZUNF-4 
840 RAD 
2.50 REM GAMMA1n-SQR((R+jwL)(G+jwC)) 
060 REM so GAMMA=SQR( PG-w"2LC +jw(RC+LG) 
070 ! 
800 L4=Lext4+Lint 
890 G4 
- sqrd_re=R4*G4-Omga^lg-*L4*C4 900 G4_ýsqrd 
-- 
im=Omga*(R4*C4+L4*G4) 
910'PRINT "" 
920! PRINT "(34 
- 
SORD 
- 
RE="; 04 
- sqrd - re, 
"", ! agrees with manual calc 
9... ýO! PRINT "G4_SQRD_IM="; G4_sqrd_. Lm ! agrees with manual calc T40 REM Gamma4=SQR(04_sqrd 
- re+j*G4 - sqrd_lm) 950 Ga4_re=SQR(SQR(G4 sqrd re^'+G4_s-qrd im^2)) ! WARNING NOTE PI ADDED 
960 Ga4-_re=Ga4_re*CDS(. 5*(PI+ATN(G4_sqrd-im/G4_sqrd_re))) PI ADDED 
970 Ga4 
- 
im=SQR(SQR(64 
T sqrd re^2+G4 
sqrd_im--"2)) ! WARNING NOTE PI ADDED 
9GO Ga4-lm=Ga4-im*SIt4(. 5*(FI+ATN(G: i_sqrd_im/G4_sqrd_re))) PI ADDED 
990! 
1000! PRINT "Ga4_re="; Ga4_res"C-a4_im="; Ga4_im agrees with manual calc: 
1010 A4=Ga4 
- re alpha 
for Zone4 
1020 B4=Ga4jm beta for Zone4 
1030 PRINT "A4="; A4; "Ne/m"I"B4="; B4; "Rad/m" for Zone4 
1040! PRINT 
10,150! 
1060! ************* CALCULATE CHARACTERISTIC IMPEDANCE Zone4 
1070 REM Zo=SQR(R+jwL)/(G+, 4wC) 
1080 Zo4_ýsqrd_re=(R4*64+Omga^2*L4*C4)/(G4"2+Omga, "ý2*C4"2) Zo squared 
1070 Zo4_sqrd_im=Omga*(L4*G4-R4*C4)/(G4,12+Omga"'. C. '*C4"*2) Zo squared 1100! 
1110 Zo4_re=SQR(SOR(Zo4_sqrd_re^2+Zo4_. pqrd_im^2)) FROM DeMOIVRE 
1120 Zo4_re=Zo4_re*COS(. 5*ATN(Zo4_sqrd_im/Zo4_sqrd_re))! FROM DeMQIVRE 
1130! 
1140 Zo4-im=SQR(SOR(Zo4-sqrd_re"2+Zo4_s-: qrd_im^2)) FROM DeM01VRE 
1150 Zo4_im=Zo4_im*SIN(. 5*ATN(Zo4_sqrd_im/Zo4_sqrd_re))! FROM DaMOIVREý 
1160! 
11-70 PRINT "Zo4 
- 
Re="; Zo4-rej"Zo4_Im="; Zo4_im 
11130! PRINT 11" 
1190 REM Zo4=Zo4_Re+jZo4_Im agree with manual calc 
1200! 
1210! *************** CALCULATE INPUT IMPEDANCE Zone4 
1220 Rezr4=1000 ADJUST LOAD Z FOR REGION 4 
1230 Imzr4=-1000 ADJUST LOAD Z FOR REGION 4 
1-140 Lenn=Len4 
1250 REM IF &=GAMMA THEN: - 
1260 REM Zs=Zo(ZrCh&L+ZoSh&L)/(ZoCh&L+ZrSh&L) 
1270 Cosh 
- alen4=(EXP(A4*Len4)+EXP(-A4*Len4))/2 
Cosh(alpha x Len4) 
2 Sinh(alpha x Len4) 1280 Sinh_alen4=(EXP(A4*Len4)-EXP(-A4*Len4))/. C. 1290 Ch_re=Cosh_alen4*COS(B4*Len4) Re Cosh (alpha + ibeta) 
1'. 00 Ch_im=Sinh_alen4*SIN(B4*Len4) Im Cosh (alpha + ibeta) 
1310 Sh_re=Sinh_alen4*COS(B4*Len4) Re Sinh (alpha + ibeta) 
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14 220 
4,0 Nuim_i fri=rRezz r-'*#'_h_i n, +I mz r4*Ch__rg--+Zo4. _r e*6h_i m, 
+Zo4_4L m*c-)h_r e 
144ý-, DEr, ýý, m r e=Z<:, 4 - re*Ch _r e-Zo4--i m*Ch-i m+VNezr4*-3h_r e-- 
I fnz r4*Sh. -i IT! 14-50 Dencým i, r, =-, l'o4__re*Ch_ im+ Zcý4 _,.: m*Ch_v-e4 
Roz r4*: -jh_. L; m+ lmz: r4*c--'h-r e 
1460 T-jp_; -e= m*Denom-i m) / (Der, om-re" 2+ Dan. om_i fn-"-_. l 
1470 (Nuil, ; 
_. m*Derýoin_re--NLLm_re*DEýnom-im)/, 
'Der,., ým-i-a-"2+Dencm-ini '2) 
14 9 C, REM Z_ n _z ome4=Zlo4* 
(Top_rc-+. j Top _i m, 
) 
1 `90 Zin zonL-4 re=Zo4 re*Tcp rE--, Zo4 im*Top im 
1500 Zin zorte4 im=Zo4 re*Top_im+Zo4_im, *Tcp --re 1510 PRIF4T "ZinZorie4 
- re="; 
Zin 
- zcne4_rL-, 
"Z'ýnZone4_im="; Zir4_zortc-4_ii, -, 
1 15: 1. C; 
1540! **************** CALCULATE INPUT IMPEDANCE Zone3 
11550! DISP Rezs4; " "; Imz--4 
1560 REM IF R%<wL & G<<wC THEN GAMMA=jwSOR(L*C) and 
1570 REM so alpha=O & beta=wSQR(L*C) 
1580 REM ALSO Zo=SQR(L/C) & Zs=Zo(Zr+jZoTAr4Bl)/(Zo+jZrTANBl) 
IF REQUIRED 1590! Rezs4=60.1179527264 SET Zs4 Zr3) A 
1600! Imzs4=813.753210_5265 SET Zs4 Zr3) IF REQUIRED 
1610 Rezr3=Zin zone4 re Zload FOR REGION 3 
1620 Imzr3=Zin_zone4_: Lm Zload FOR REGION 3 
16: 30! 
1640 Rezr=Rezr3 CALCULATE Zin FOR REGION 7 
1650 Imzr=Im--r3 
1660 Lenn=Len-' 
1670 C=C'% 
1680 L=Lext3+Lint 
1690 GOSUB Tran CALCULATE Zone3 input Z 
1700 RezsZ=Rezs 
1710 lmzzz=lmzs 
1720 PRINT "Zo3=1'; SUR( (Lex4.. 3+Lint) /C3, ) 
1730 PRINT "Len3="; Len3, "ReZs3= "; Rezs3, "ImZs3="; Imzs3 
CALCULATE INPUT IMPEDANCE Zone2 
1750! Rezs3=273.971484"_': '87 ! *********SET Zs3 Zr2) IF REQUIRED 
1760! Imzs3=259.153-3262"_'%4 ! *********SET Zs3 Zr2) IF REQUIRED 
1770 Rezr2=RezsZ SET Zload FOR REGION 2 
1780 Imzr2=lmzs'-> 
1790 Rezr=Rezr2 CALCULATE Zin FOR REGION 2 
1800 Im--r=lmzr2 
1810 Lenn=Len2 
1820 C=C2 
1830 L=Lext2+Lint 
1840 GOSUB Tran CALCULATE Zone2 input Z 
1850 Rezs2=Rezs 
1860 Imzs-lt-=Imzs 
1870! PRINT "ReZs2="; Rezs2, "ImZs2="*. Imzs2 
18B0! ********** CALCULATE INPUT IMPEDANCE APC-7 INPUT PORT 
1890 Rezr 
- apc7=Rezs3 1900 Rezrý=Rezr 
- apc7 1910 Imzr_apc7=Imzzs3 
1920 Imzr=Imzr_apc7 
1930 Len-apc7=1.206E-2/4.6666 ! LAMBDA=C/F = 3ES/35E9 
1940 Lenn=Len 
- apc7 1950 C_apc7=. ': L*PI*Epso/LOG(7/3.05) 
1960 C=C-apc7 
1970 L-apc7=Muo*LCG(7/3.05)/2/Pl 
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1? 80 L=L-zpc7 
! ********* CAL: ULATE ARC-7 i7POt Z low& Gobus rrar 
2000 Rw s_apc 7=Rez 
2010 IKzs_spa7w1mzs 
2020 PRINT , le Zo 
_4 
OC7=, ; re, s_apc7, ýI mZs_, pj7=" II mr s_ap, 7 
20jO GOTG 2 ý8, ' 
204?! * **** ***4 
"OE004****4 CONVERT INPUT Z TO COMPLEX REFLECTION COEFFICIENT 
20,0! ********** japol Z IS NEA9LFZD AT INPUT TO AFC_7 LINE 
20701***********x**Yx***** PLOFTED g" TMITHCHART 
2080! PRINT "LEN7="; LenZ; "m 
2090! PRIN! Zz2="; jpOJND(Rezs2,5); "+j"; DROUND (ADS (jmzs2!, 5) F 
2100 REM Rho= ! Zr-Zo) /! Zr+Zo) ! Rho in this case = Reflection 
00""Oio'""t 
2110 REM Rho=(REZ74jIoZr-Zo)/(ReZr+jlmZr+Zo) 
2120 REM Rho= C (ReZr-Zo)+jImZr) t tRmZ, +Z0)-jImZr3/E (ReZr+Zo)^2v(1mZr)ý23 
2130 REM Rho= (ReZr -Zo) (ReZr+Zo) +ImZr"2+j t ImZr 
VReZr+Zo) -ImZr (ReZr-Zo) 1 
2140 REM Divided by E(ReZr+Zo)"2+(ImZr)"23 
2150 REM So Rho=(ReZr^2-Zo'2)+ImZr-2+jlmZrtt+2Zo)lf( 
2160 REM So Rhe=EE(ReZr"2-Zo"2+ImZr^2)+jImZr(+2Zo)33/t 
2t7O REM So A=(ReZr-2-Zo^2+ImZr'2)/( i. e. Re(pho) 
2180 REM So B=jImZr(+2Zo)/T Im(phm) 
2190 ZG=Zo_syst 
? 200! PRINT " Zs2="; DROUND(RezsZ/50,5); "+j"; DROUNDiImzs2/50,51 
2210! Rezs_apc7=25 USED TO VALIDATE SMITH CHART 
2220Qmzs_apc7=-50 UCED TO VALIDATE SMITH CHART 
2230 A=(Rets"pc7"2-Zo^2+Imzsýpc7^2)/((Rezs_apc7+Zo)^2+Imzs_apc7^2) 
2240 B"ImzS"pc7*(s2*Zo)/((Rezs_apc7+Zo)"2+Imzsýpc7^2) 
225o rRINT "A="; A, "B="; Bg"F="; F, "Exit="; Exit 
2260YRINT "F=", F 
2270 IF Exit=O THEN 
2280 GOTO 2320 
2290 ELSE 
2ZOO GOTO 2340 
2310 END IF 
2320 MOVE A, B 
2330 Exit=l 
2340 DRAW A, B 
2Z50! PRINTER IS I 
2360YAUSE 
2370! DRAW 2,2 
2300YAUSE 
2390! NEXT F 
2400 NEXT UenZ 
2410 PENUP 
2420 GOTO 3210 
SUB-ROUTINE TRAN 
2450! ******************* CALCULATE Zin FROM Zload 
& Zo 
2460 Tran:! 
2470 Nm=TAN(2*FI*Lenn*F/3. E+8) ! LET 
Zs=ReZs+jImZs&Zr=ReZr+jjmZr 
2430 Rezs=(Rezr*(SQR(L/C)-Imzr*Nm)*(ImzrvSQR(L/C)*Nm)*(Rezr*Nm)) 
2450 Rezs=Rezs*SDR(L/C)/((SQR(L/C)-Imzr*Nm)^2+(Rezr*Nm)"2) 
250o 
2510 Imzs=((Imzr+SQR(L! C)*Nm)*(SOR(L/C)-Imzr*Nm)-Rezr"2*Nm) 
2520 lmzs=ImzstSDR(L/C)/((SQR(L/C)-Imzr*Nm)"2+(Rezr*Nm)^2) 
253() RETURN 
2550! 
2560! *********A*********** SUB-ROUTINE SMITHCHART 
2570 Smithchart:! 
2500 GINIT 
2590 PLOTTER IS 705, "HPGL'' 
2600 GRAPHICS ON 
2610 FRAME 
2620 VIEWPORT 0,133,0,100 
2630 Asp_rat=133/100 FOR CRT ASPECT RATIO 
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21K) cat, ! *Asp rF- -iNDOW -i*Asc 2' If -I! f 1) 
, 
.1,., 
*OA *4 **#*A* YK A 0*41 y*0*v*: 4k* - T* *4 
R TKEn 
TK lonr ýNi QNn Till lro'=ýs 
270, -) t0 ? -ý 7HLN 1-C-1 
271-,. ] 5-Afln'-. x 
272) 7157 RESIOTANCE 
2730 GýSUB 5rawnirýla_r CIRCLES 
2740, IF R=5 THEN 27SO 
2750 GOTA 2620 
2760! *** x*,; **; * ** *** * j* ** * *A ****** *a **** ***** ** 
277o Si gl= 1 2720 Of f zatwý 
27? 0 X=C; 
2600 IF mBS(XKl THEN Incr=. 2 
2810 IF*ABSQ)>=l THEN Incr=l 
2320 X=X+Incr 
2830 PRINT "X="; X, 
234, ) GOSUB Drawcircle_. )% 
23511) IF X=! THEN 2870 
2860 GOTO 2800 
2S80 Sign=-l 
2090 Offset=Pl 
290C) X=O 
290) IF ABS(X)<l THEN Incr=. 2 
2920 IF APS(X)>=l THEN Incr=l 
2930 X=X-Incr 
2940 PRINT "X="; Xv 
2950 GOSUB Drawcircle_-y 
2960 IF X=-l THEN 3000 
2970 OCTO 2910 
2980 RETURN 
2990 GDTO 3200 
3010 Drawcircle ,:! 
3020 RAD 
3030 MOVE R/(R+I), O ! CENTRE 
3040 FCR Tha=O TO 2*PI STEP PI/30 
3050 DRAW 1/(R+I)*COS(Tha)+I-I/(R+1), l/(R+I)*SIN(Tha) 
7,060 NEXT Tha 
3070 RETURN 
3090 Drawircle " 
3100 Thetal=+Sign*3*PI/2+Of+set 
3110 Theta2=-Sign*PI/2+Of+set 
3120 Theta3=-Sign*PI/120 
3130 FOR Theta=Thetal TO Theta2 STEP Theta: 3 
3140 Adj=1+1/X*COS(Theta) 
Z150 Opp=l/X+I/X*SIN(Theta) 
3160 IF (Adj)^2+(Cpp)^2>1 THEN 3190 
. 3170 DRAW J+J/X*CDS(Theta), l/X+1/X*SIN(Theta) 
3100 NEXT Theta 
3190 MOVE 1,0 
3200 RETURN 
3210 END 
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Appendix 4. 
Program Listing. 
Program Name: 22GHZSMTH2 
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10 j 
20 TiIS PROGRAM IS 2ZGHZSMTH2.1T CALCULATES Zin FOR A DIODE 
30 EQUIVALENT CIRCUIT OVER THC FREQUENCY RANGE 2- 22 GHZ AND 
40 2VERPLOTL 1T ON AN HF3510B SMITHCHAR7. IT IS A DERIVATIVE OF 
50 22GHZSMITH BUT HAS PARAMETLRS OPTIMISED TO BEST FIT THE 
60 2- 2W GHZ MZAS"RED VALUES 
70 VERZION 5 21th, DEC, 1987 
20 
90 DISP "DO YOU REQUIRE A SMITHCHART? Y/N RETURN", 
100 INPUT Chart$ 
110 GCSUB Setup 
120 PEN I 
130! PAUSE 
140 GOTO 230 
150 MOVE -1,0 
160 PAUSE 
170 MOVE 0, -l 
180 PAUSE 
190 MOVE 1,0 
200 PAUSE 
210 MOVE 0,1 
220 PAUSE 
230 GOSUB Smithchart 
240 PEN 2 
250 
260 RESTORE 280 
270 DIM Impedance(100,2) 
280 READ Zo"yst, Phi 
290 DATA 50,0.6 
300 LP=2.333E-10 
310 Rs=32 
320 C-over=5. OE-14 
330 Cjig=4. OE-14 
340 Co=5. OE-15 
350 Vj=o 
360 InteAcept=-9.8 
370 Slope=16.35! 16.25 
380 Gamma=. 5 
390! READ Vi 
a 
400 IF Vj=999 THEN 2620 
410! DATA . 25,. 3,. 35,. 3759.4,. 4251.451.5,. 55,999 420! DATA Os. l,. 2,. 'ý15,. 31.35,. 375,. 4,. 4'c"5,. 45,. 51.559999 
430! DATA 01.35,. 49.55,999 
440 K=l ! STARTS MATRIX 
450 Exit=0 ! STARTS NEW TRACE 
460 PRINT Vj="; Vj 
470 V_error=. 02 
480 Vj=Vj+V-error 
490! FOR Lp=O TO 3.1E-10 STEP 1. E-10 
. JOO! FOR Rs=20 TO 41 STEP 10 
510! FOR Cjig=5. OE-14 TO 7.1E-14 STEP 1. OE-14 
520! Remember it=Vj 
530! FOR Dvj=L-. 005 TO +. 005 STEP . 005!. 30 TO . 55 STEP . 01 540! Vj=Remember 
- 
it 
550! Vj=Vj+Dvi 
560! FOR Co=l. E-15 TO 9.1E-15 STEP 4. E-15 
570! FOR C-over=4. OE-14 TO 6.1E-14 STEP 1. OE-14 
580! FOR Intercept=-9.85 TO -9.649 STEP .1 590! FOR Slope=16.00 TO 16.51 STEP . 25 600! FOR Gamma=. 2 TO . 81 STEP .2 610 K=l 
620 FOR F=2. E+9 TO 2.2E+10 STEP 1.0E+9 
630 Om=2*PI*F 
640 REM LOG(IO)I=y+mx+c = slope*Vj+Io = 16Vj-10 so I 10^(16Vj-lO) 
650 I=10^(Slope*Vj+Intercept) 
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6,6 0 Rj=l/(,; o*i) 
670 Cjý-Co/ (1 --Vio'Phi) -Gairwria+C ,,: -over 680 Zre =R s +R j/(1 -1- Ow'12'* Ci-, 2 *Rj ^2) 690 Zim=Qm*i. p--O, "n*Cj *Rj^21/ (1+Omý'2*Cj"2*Rj'-2) 
700 
710 Rtal =Rs I R1 / (z +On, N-"*Cj -1-1) 720 IMZ9-2JMkLp-0m*C. )*Rj^'d_'/ (1+Om-"2*Cj-'., "*Rj-""') 730 1 
741. ) r 4umber=(1-Om*Imag*Cjig) 
750 Digit=(Om*Cjig*Real) 
760 Denom=Number^2+Digitý2 
770 Zre=(Real*Number+Imag*om*Cjig*Real)/Denotm 
780 Zim=(Imag*Number-Digit*Real)/Denom 
790 ! Zre=5 
E300 ! Zim=5 
E310 I 
E3,20 PRINT "F"; F, "Zre="; DROUND(Zre, 6), "Zim="; DFý'OUND(Zin, 6), 
E 30 3J PAUSE 
840 
850 ! *****-****CONVERT INPUT Z TO COMPLEX REFLECTION COEFFICIENT******* 
360 ! *********INPUT Z IS MEASURED AT END OF 50 ohm ALUMINA LINE*****-** 
1370 PLOTTED ON SMITHCHART*********************** 
880 REM Rho=(Z -Zo)/(Z +Zo) Rho in this case = Reflection Coeff. E390 REM Rho=(Zre+jZim-Zo)/(Zre+jZim+Zo) 
900 REM Rho= C(Zre-Zo)+jZimlt(Zre+Zo)-jZiml/[(Zre+Zo)^2+(Zim)-NIý3 
910 REM So Rho=(Zre-Zo)(Zre+Zo)+Zim, ý2+jC(Zim)(Zre+Zo)-Zim(Zre--Alo)I 
920 REM Divided by [(Zre+Zo)^. 2. +(Zim)^23 
9ý0 %. Y REM So Rho=(Zre^2-Zo^2)+Zim^.: '. +jZimt(+2Zo)l/( 
940 REM So Rho=[r(Zre-2-Zo"12+Zir"12)+jZim(+2Zo)33/( 
950 REM So a=(Zre"'. L5-Zo^2+Zim^2)/( 960 REM So b=jZim(+2Zo)/( 
970 Zo=Zo syst 
980 A=(Zrýý12-Zo^2+Zim^2)/((Zre+Zo)^2+Zim^&'-) 
990 B=Zim*(+2*Zo)/((Zre+Zo)^2+Zim"2) 
1000 Real=(Zre^2-Zo^2+Zim^2)/((Zre+Zo)^2+Zim^2) 
1010 Imag=Zim*(+2*Zo)/((Zre+Zo)^2+Zim^2) 
1020 
1030 Cjig=2. E-10 
1040 Number=(1-0m*Imag*Cjig) 
1050 Digit=(Om*Cjig*Real) 
1060 Denom=Number"2+Digit^2 
1070 A=(Real*Number+Imag*Om*Cjig*Real)/Denom 
1080 B=(Imag*Number-Digit*Real)/Denom 
1090 
1100 ImpedanceQ, 'j1)=A 
1110 Impedance(K, '&')=B 
1120 PRINT "A="; DROUND(A., 3), "B="; DROUND(B, 3) 
1130 K=K+l ! STEP IMPEDANCE MATRIX PRIOR TO PLOTTING 
1140 NEXT F 
1150 ! ! PLOT OUT MATRIX 
1160 Exit=O 
1170 FOR K%=1 TO 100 STEP 1 
IIE30 PEN +1 
1190 PAUSE 
1200 IF Impedance(K, 1)=O OR Impedance(K, 2)=O THEN 1320 
1110 IF Exit=O THEN 
1220 Exit=1 
1230 GOTO 1280 
1240 ELSE 
1250 GOTO 1300 
1260 END IF 
1270 PRINT Impedance(K, I), Impedance(K, 2) 
1280 MOVE Impedance(Kj1)jImpedance(Kj2) 
1290 GOTO 1310 
1300 DRAW Impedance(K, I), Impedance(K, 2) 
1310 NEXT K 
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1320 IF THEN t'. -A) 11330 IF Yi<=. 175 THEN IMOVE -. 2, -. 03 
1340 IF Vj>=. 55 THEN 13704MOVE -. 2,. 02 
IZ50 LABEL DP0UND(Vj-V"rror, 3)! Vj-V_error 
1260 DISP V; 
1170 PErup 
1180! NEKT Lp 
IZ90INVXT RE 
1400'NEXT Qiq 
1410! NEXT Co 
1420! NEXT C_over 
1430! NEXT Dvj 
14401NEXT Intercept 
1450! NEXT Slope 
1460! NEXT Gamma 
1470 PENUP 
1480! GOTO 330 ''(ONLY IF USING DATA STREAM FOR Vj) 
1490 GOTO 2620 
SUB-ROUTINE SMITHCHART 
1520 Setup:! 
15ZO GINIT 
1540 PEN 1 
1550 PLOTTER IS 705, "HPGL'' 
1560 GRAPHICS ON! 
1570 LINE TYPE 1 
1580 CSIZE 3.0,. 5 
1590 FRAME 
1610 MOVE 25,5 
16204ABEL "Figure 5.21d Effect of varying Vj error from -5mV TO +5mV1, 
1630! LABEL "Figure 5.21i Effect of increasing gamma from 0.2 to 0.8" 
1640 LABEL '' (Vi OV, 0.35V, 0.4V, & 0.55V)'' 
1650 CSIZE 3,. 5 
1660 PEN 2 BLUE 
1670 CSIZE 2.51.5 
1680 VIEWPORT 01133,0,100 
1690 N=. 70*11/10 SCALING FACTOR 
1700 X"h=-2.50 
1710 Y-sh=-12.4 
1720 
1730 Xl=67-67*N+X-sh 
1740 Xr=67+67*N+X_sh 
1750 Yb=60.5-50.5*N+Y-sh 
1760 Yt=60.5+50.5*N+Y_sh 
1770 VIEWPORT Xl, Xr, Yb, Yt 
1780 FRAME 
1790 Aspýrat=135/100 FOR CRTFRAME 
1800 WINDOW -1.1*Aspýat, 1.1*Aspýat, -1.1,1.1 
1010 AXES . 1,. 1 
1820 RETURN 
1840 Smithchart:! 
1850 MOVE -1,0 SMITHCHART 
1860 DRAW 1,0 BASELINE 
1870 R=-. 2 
1880 RESTORE 1960 
1890 IF R<. S THEN Incr=. 2 
1900 IF 1<=R AND R<2 THEN Incr=. 5 
1910 IF R=2 THEN Incr=1 
1920 R=R+Incr 
1930 PRINT "R="; R; RESISTANCE 
1940 READ Posit 
1960 DATA -1.1, -. B, -. 55, -. 38, -. 23, -0.08v. 04,. 261.427.52,. 67 
1970 DISP Posit 
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1980 r ALI -iE 1990 MOVE Posit. --. 0-7 
11000 LADEL R 
-10 10 P EN UP 
20-20 Ur-- Ch-; ýrt-$-'N" THEN 2040 
c. SC-DE. UB Crawcirc-le r CIRCiLES 
2040 IF R=5 THCEN 2060' 
2050 1-, 0T0 
2 1-1 .50 
IL070 
20ao Reactance 
111.090 Circles 
Shi+t=l 
2110 x=0 
2120 IF AzI; S(X)'Il THE'N Incr=ý'-: ' 
213.0 IF r, 'IBS(X)>=l THEN Incr=1 
2140 X=X+Incr 
2150 PRINT "X="; X, 
2160 IF Clhart$="N" THEN 2.180 
2170 GOSUB Drawcircle-x 
1180 IF X=1 THEN 91-200 
2190 GOTO 2120 
. Q200 2 
2210 Sign=-l 
2220 Offset=PI 
22: 30 Shift=-3.5 
2240 x=0 
2.2150 IF ABS(X)<l THEN Incr=. 2 
2260 IF ABS(X)>=l THEN Incr=1 
2270 X=X-Incr 
2280 PRINT "X="; X, 
"-190 IF Chart$="N" THEN 2310 
. 161: 300 GOSUB Drawcircle x 
2-310 IF X=-1 THEN 237NO 
2320 GOTO 2250 
2330 LINE TYPE 1 
2340 RETURN 
2350 
2360 Drawcircle_r:! 
23 70 RAD 
'1380 MOVE R/(R+1), O ! CENTRE 
2390 MOVE 1/(R+1)+1-1/(R+1), O ! OFFSET RIGHT 
2400 FOR Theta=O TO 2*PI STEP PI/30 
2410 Coeffl=l/(R+1)*CDS(Theta)+1-1/(R+l) 
2420 Coeff2. =1/(R+l)*SIN(Theta) 
2430 DRAW Coe+-Fl, Coeff2 ! OFFSET TO RIGHT 
2440 NEXT Theta 
2450 RETURN 
2460 
2470 Drawcircle_x: 
2480 Alpha=Sign*--7'*PI/2+Offset 
2490 Beta=-Sign*PI/2+Dffset 
2500 Gamma=-Sign*PI/240 
2510 FOR Theta=Alpha TO Beta STEP Gamma 
25.610 Radl=(1+1/X*COS(Theta)) 
2530 Rad2=(l/X+I/X*SIN(Theta)) 
2540 IF Radl-"-2+Rad2-"2>1 THEN 2.570 
215350 DRAW 1+1/X*CDS(Theta), l/X+1/X*SIN(Theta) 
2560 NEXT Theta 
2570 IMOVE -. 15, Shift*. 03 
2530 IMOVE -. 12, Shift*. O'). 
2590 LABEL X 
2600 MOVE 1,0 
2610 RETURN 
:- 6', cý 0 END 22 
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Program Listing. 
_ 
Program Name: RUNGE_LPFL 
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10 REM THIS PROG IS RUNGE_LPFL FLERIVALUES 
20 REM Version 7,31st May 1988 
30 IT NOW PERMITS PLOTS OF Vj wrt t&f with overplots of Fleri 
40 & plots of I, ICj, IGj ETC 
50 RESTORE 2100 
60 READ Phi, Co, Vt, R, Io, E_Ict, H, Lp, F 
70! ------------------------------------------------------------------- 
80 Cycles=4 CYCLES OF RF DISPLAYED 
90 "! 
100 GINIT 
110 GOSUB Draw-grat 
120! ------------------------------------------------------------------ 
130 Vj-0=0 AT t=O ! ****INITIAL CONDITIONS 
140 T-0=0 AT BEGINNING ! ****INITIAL CONDITIONS 
150 I-0=0 AT BEGINNING ! ****INITIAL CONDITIONS 
160 ! --------------------------------------------------------------- 
170 F=F*1. E+9 
100 Dm=2*PI*F 
190 T=I/F PERIOD 
200 Samples=Cycles*T/H 
210 In=. 5 INDEX FOR Ci 
220! ------------------------------------------------------------------ 
230 DIM Ansrs(7000,2) 
240 Vi-. D=VJ-P ! START 
250 Time=T-0 UP FOR 
260 I-n=I-0 LOOP 
270! ------------------------------------------------------------------ 
280 FOR N=l TO Samples STEP 1 
290 GOSUB Eval_next_yj 
: 300 X=2*PI*Time/T 
310 L=L+l ! ARRAY ELEMENT 
320 Ansrs(L, 1)=X 
330 Ansrs(L, 2)=Vj 
340 Ansrs(L, 2)=Vt*SIN(Om*Time)-Vi-I*R volts across Lp 
350 Ansrs(L, 2)=I*100 Lp current, 10's mA 
360 
370 Ansrs(L, 2)=(Io*(EXP(Vj*E kt)-1))*100 Gi current, 10's mA 
300 Ansrs(L, 2)=(I-Io*(EXP(ViTE_kt)-I))*100 Ci currentg 10's MA 
390 Ansrs(L, 2)=I*R across series Rs 
400 DRAW X, Ansrs(L, 2) 
410 NEXT N 
420! ------------------------------------------------------------------ 
430 REM READ IN FLERI & COHEN REPORTED RESULTS 
440 DIM FleriBO17(50,2) ! FROM FLERI PAPER FOR Cj=80fF '8k Lp=1.7nH 
450 DIM Fleri25107(50,2) ! FROM FLERI PAPER FOR Cj=25fF & Lp=1.07nH 
460 
470 FOR Testdata=1 TO 50 STEP 1 
480 READ FleriGO17(Testdata, l) RADIANS 
490 READ FleriBO17(Testdata, 2) VOLTS 
500 PRINT Testdata, FleriSO17(Testdatall), FleriGO17(Testdata, 2) 
510 IF FleriSO17(Testdata, l)=9999 THEN 590 
520 IF Fleri8017(Testdata, 2)=9999 THEN 590 
530 FleriSO17(Testdata5l)=FleriGO17(Testdatail)*2*PI+(2*PI+PI/2) 
540 IF Lp=1.7E-9 THEN 560 
550 GOTO 580 
560 MOVE FleriBO17(Testdata, l), FleriSO17(Testdata92) 
570 GOSUB Draw__ýa__gross 
580 NEXT Testdata 
590 
600 FOR Testdata=l TO 50 STEP 1 
610 READ Fler125107(Testdata, l) ! RADIANS 
620 READ Fleri25107(Testdata, 2) ! VOLTS 
630 PRINT Testdata, Fleri25107(Testdata, l), Fleri25107(Testdata, 2) 
640 IF Fleri25107(Testdata, l)=9999 THEN 780 
650 IF Fleri25107(Testdata, 2)=9999 THEN 780 
660 ! 
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670 CON VERT DEG TO RAD, ADD PLOT OFFSET***********-* 
680 Fleri25107(Testdatall)=Fleri25lO7(Testdata, l)*2*PI 
690 Fleri25107(Testdata, l)=Fleri25107(Testdatavl)+(2*PI+PI/2) 
700 Fleri25107(Testdatali)=Fleri25107(Testdatavl)+PI/10 
710 
720 
730 IF Lp=1.07E-9 THEN 750 
740 GOTO 770 
750 MOVE Fleri25107(Testdata, l), Fleri25107(Testdata, 2) 
760 GOSUB Draw a cross 
770 NEXT Testdiýta 
780! ------------------------------------------------------------------ 
790! -------------- BELOW PLOTS ON TO HARD COPY ----------------------- 
Boo 
810 GINIT 
820 PLOTTER IS 705, "HPGL" 
(3: 30 PEN 2 
840 GOSUB Draw_grat 
(350 PEN 1 
860 Last=L ! LAST VALUE OF L USED 
e70 MOVE 090 
8130 LINE TYPE 8 !7 !8 !1 
E390 FOR L=O TO Last STEP 1 
900 DRAW Ansrs(L, 1), Ansrs(L, 2) 
910 NEXT L 
920 LINE TYPE 1 
930 FOR Testdata=l TO 50 STEP 1 
940 IF Lp=1.7E-9 THEN 970 
950 IF Lp=1.07E-9 THEN 1030 
960 GOTO 1090 
970 IF FleriBO17(Testdata, l)=9999 THEN 1090 
980 IF Fleri8017(Testdataq2)=9999 THEN 1090 
990 PRINT FleriSO17(Testdatagl), FleriBO17(Testdata, 2) 
1000 MOVE FleriBO17(Testdatagl)gFleriGO17(Testdata, 2) 
1010 GOSUB Draw-a-cross 
1020 GOTO 1080 
1030 IF Fleri25107(Testdata, l)=9999 THEN 1090 
1040 IF Fler125107(Testdata, 2)=9999 THEN 1090 
1050 PRINT Fleri25107(Testdatall), Fleri25lO7(Testdata92) 
1060 MOVE Fleri25107(Testdatall), Fleri25107(Testdata92) 
1070 GOSUB Draw-a-cross 
1080 NEXT Testdata 
1090 PENUP 
1100 GOTO 2390 
1110! ----------------------------------------------------------------- 
1120 Eval-next 
- vj:! 
***********CALCULATES Vj_pplusl******************** 
1130 vj=vj-D 
1140 I=I n 
1150 C-V7J=Co/(I-Vi/Phi)^In 
1160 F t-i 
- vj=I/Lp*(Vt*SIN(Om*Time)-(R)*I-Vi) 
V=LdI/dt 
1170 FT.,,., y, z)=( 
1180 6i- Vj=(I/C vj)*(I-Io*(EXP(Vj*E-kt)-l)) ! i=CjdVi/dt 
1190 GT ly, Z)=( 1200 Kln 
- new=H*F 
t-i 
- vi 1210 Lln-new=H*B-i 
- vi 1220! ----------------------------------------------------------------- - 
1230 Time=Time+H/2 
1240 I=I+I: ', In_new/2 
1250 Vj=Vj+Lln_new/2 
1260 C- vj=Co/(I-Vj/Phi)^In 
1270 F-t-i7 vj=l/Lp*(Vt*SIN(Om*Time)-(R)*I-Vi) 
1280 G-i- vj=(I/C-vj)*(I-lo*(EXP(Vj*-E_kt)-I)) 
1290 K2n_new=H*F 
- 
t-i 
- vj 1 Z-700 L2n_new=H*G-i 
_vj 1310! ----------------------------------------------------------------- 
1320 Time=Time 
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1330 I=I+K2n_new/2 
1: 340 Vj=Vj+L2n_new/2 
1350 C- vj=Co/(l-Vj/Phi)"In 
1360 F-t-i- vj=l/Lp*(Vt*SIN(Om*Time)-(R)*I-Vi) 
1370 G_i_yj=(l/C_vj)*(I-Io*(EXP(Vj*E_kt)-I)) 
1: 380 K3n_pew=H*F 
- 
t-i 
- vi 1390 L3n new=H*G i vi - 
----------------------------------------------------- 14oo! ------------ 1410 Time=Time+H/2 
1420 I=1+11.7-. n_new 
1430 Vj=Vj+L3n new - 1440 f-Vi/Phi)^In C- vj=Co/( 
1450 F-t-i- vj=I/Lp*(Vt*SIN(Om*Time)-(R)*I-Vi) 
1460 G_i_yj=(I/C_vj)*(I-Io*(EXP(Vj*E_kt)-l)) 
1470 vi K4n - new=H*F - 
t-i 
1480 7 L4n 
- new=H*G_i - vj 1490! ----------------------------------------------------------------- 
1500 1- nplusl=I - n+1/6*(KIn new+2*K2n new+2*K13n_new+K4n-new) 1510 1- n=I_nplLtsl 7 IN PREPAFATION FOR NEXT LOOPING 
1520 Vj_p_plttsl=Vj_p+1/6*(Lln new+2*L2n new+2*L3n__pew+L4n_new) 
1530 Vi-P=Vi-p-plusl ! IN PREPARA: FION FOR NEXT LOOPING 
1540 RETURN 
1550! ------------ 
1560 Draw_grat: ! 
1P70 Grat$="YES" 
1580 GRAPHICS ON 
1590 VIEWPORT 0,13910,100 
1600 CSIZE 31.5 
161c) MOVE 22,52 
1620 LDIR (PI/2) 
1630 IF Grat$="NO" THEN 1960 
1640 LABEL "Vig V- Lp, &I- Lp (volts & 10*s mA)" 
1650 Ci (volts & 10's mA)" LABEL "Vtv I Gj, &I 
1660 _ - LABEL "Junction Voltage, Vi, volts" 
1670 LD IR (0) 
1680 Y-label=-3 
1690 FOR Y axis=12.5 TO 100 STEP 15.95 
1700 MOVE 222.51Y 
- axis 1710 LABEL Y label 
1720 Y label;; Y label+1 
1730 NEXT Y_axis 
1740 MOVE 38,9 
1750 LABEL "Fig 6.4a Illustration of Junction Voltage" 
1760 MOVE 5096 
1770 LABEL "Response Using Runge-Kuttall 
1780 MOVE 48,20 
1790 LABEL "PROGRAM NAME: RUNGE_LPFL 24th April, 19881, 
IBOO MOVE 42,15 
1810 LABEL "Lp=1.70nH Co=80fF Rs=58.5ohms F=9.375GHz11 
11320 
1830 GOTO 1950 
1840 MOVE 40,90 
1850 LINE TYPE 1 
11360 IDRAW 10,0 
1870 IMOVE 21,0 
1880 LINE TYPE 8 
1890 IDRAW 1090 
1900 IMOVE 21,0 
1910 LINE TYPE 7 
1920 IDRAW 10,0 
1930 LINE TYPE 1 
1940 MOVE 53,88.5 
1950 
1960 VIEWPORT 26,133,14,94 
1970 WINDOW O, Cycles*2*PI, --'-, 2 
19BO IF Grat$="NO" THEN 2060 
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1990 AXES PI/2,. 5,0,0 
2000 MOVE 090 
2010 LINE TYPE 7 
2020 FOR X=O TO (Cycles*2+. l)*PI STEP PI/20 
2030 DRAW X, Vt*SIN(X) 
2040 NEXT X 
2050 LINE TYPE 1 
2060 MOVE 010 
2070 RETURN 
2090 REM NOTE GOfF goes with 1.7nH & 25fF goes with 1.07nH 
2100 DATA 0.9 ! Phi 
2110 DATA GOE-15 ! C0 
2120 DATA 1.0 ! Vt 
21: 7.0 DATA 58.5 !R 
2140 DATA I. E-13 ! I0 
2150 DATA 34.8 ! E_kT 
2160 DATA 20. E-13 !H (time increment) 
2170 DATA 1.70E-9 ! Lp=1.7nH 
2180 DATA 9.375 ! F(GHz) 
2200 Draw-a-cross:! 
2210 IMOVE -. 110 
2220 IDRAW . 2,0 
22: 30 IMOVE -. 110 
2240 IMOVE 09.04 
2250 IDRAW 09--08 
2260 IMOVE 0,. 04 
2270 RETURN 
2280 REM FLERI DATA FOR 80 fF, 1.7nH ( RADIANS, AMPLITUDE) 
2290 REM DATA FleriBO17(Testdatavl)gFleriSO17(Testdata, 2) 
2300 DATA 01.721.125,. 721.251.675v. 375,. 351.51-19.625, -2.1,. 75I 
2310 DATA -. 651.8751.5511,. 71 
2320 DATA 9999,9999 
2330 
2340 REM FLERI DATA FOR 25 +F, 1.07 nH (RADIANS, AMPLITUDE) 
2350 REM DATA ! Fleri25701(Testdatagl)gFleri25701(Testdata, 2) 
2360 DATA 09.71,. 11.71.29.449.3, -. 751.361-1.419.4, -1.061.481-. 7 
2370 DATA . 5, -. 751.571-19.6, -. 
93,. 7109.81.5,. 9,. 791,. 73 
2380 DATA 999999999 
2390 END 
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Appendix 6. 
Program Listing. 
Program Name: RNGTXLOPdc 
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10 
20 
Zo 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
ISO 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
. 380 
ZS90 
400 
410 
420 
430 
440 
450 
460 
470 
480 
490 
500 
510 
520 
530! 
540 
550 
560 
570 
580 
590 
600 
610 
620 
630 
640 
650 
--------------------------------------------------------------- 
I THIS PROG IS RNGTXLOPdc VERSION: JUNE 1988 
1 IT INCLUDES SCALE MEASURED VALUES for Rtx & Xtx v LenZone3 
I AND MEASURED DIODE VALUES OPTIMISED FROM 226HZSMTH 
I IT INCLUDES SCALE MEASURED VALUES FOR ANTENNA Rloop & Cloop 
I i 
------------------------- INPUT & CONVERT DATA ----------------- 
RESTORE 4230 
READ Phi, Co, C. 
_ýoverlDilEpilPin, 
Coupl, Rsub, Io, E_nkt 
READ H, Lp, F, Cp, Rtx, X 
- 
txRI, X-cl, LbypRbyp 
Ltx=X tx/2/PI/F/10^9 ! Because X tx=2*PI*F*Ltx 
Ctx=-f/(2*PI*F*I. E+9*X-tx) ! Because X-tx=l/(2*PI*F*CtN 
CI=1/2/PI/F/10-"9/X 
- cl 
! Because X-cl=l/(2. PI. F. C) 
Vt=SQR(2*Pin*10-"(Coupl/10)/50)*SQR((50+RI)112+X cl, 12) 
Cycles=10 ! CYCLES 5F RF DISPLAYED 
F=F*I. E+9 ! Hz TO GHz 
Um=2*PI*F ! Angular Frequency 
T=I/F ! PERIOD 
Samples=Cycles*T/H 
ln=. 5 ! INDEX FOR Ci 
! ---------------------------------------------------------------- 
GINIT 
GOSUB Draw-grat 
! ------------- ALL VARIABLES SET TO ZERO AT t=O ------------------- 
12 
- 
0=0 ! AT t=O ! ****INITIAL CONDITIONE 
vi 0=0 ! AT t=O ! ****INITIAL CONDITIONE 
17,0=0 ! AT t=O ! ****INITIAL CONDITIONE 
V4-P=O ! AT t=O ! ****INITIAL CONDITIONE 
15 0=0 ! AT t=O ! ****INITIAL CONDITIONE 
Vj 0=0 ! AT t=O ! ****INITIAL CONDITIONE 
T-ii=O ! AT t=O ! ****INITIAL CONDITIONE 
---------------------------------------------------------------- 
------ ARRAYS FOR STORING ANY ITERATED VARIABLE & MID-POINTS----- 
DIM Ansrs(500092), Mean(3), Mid_pt(20093) 
I ---------------------------------------------------------------- 
---------- ASSIGN START-UP VALUES TO FIRST ITERATION ------------- 
VI n=Vl 0 
13 n=I3 o 
V4_p=V4_0 
15 n=I5 0 
Vj 
- n=Vj 
0 
Time=Tji 
---------------------------------------------------------------- 
---------------------------------------------------------------- 
FOR N=1 TO Samples STEP 1 
ON KEY 5 LABEL "DECREASE 
ON KEY 6 LABEL "INCREASE 
Samples=Cycles*T/H 
GOSUB Eval--Pext-vj 
X=2*PI*Time/T 
L=L+i 
Ansrs(L, I)=X 
H" GOSUB H dec ! SOFT KEN 
H" GOSUB H-inc ! SOFT KE%, 
CURRENT X-AXIS VALUE 
ARRAY LOCATION 
ARRAY X VALUE 
---------------------------------------------------------------- 
------------ BELOW CHOOSE VARIABLE TO BE PLOTTED ----------------- 
Ansrs(L, 2)=12*1000 ! Rbyp & Lbyp Current mA's 
Ansrs(L, 2)=I2*Rbyp*l ! Rbyp Voltage, volts/div 
Ansrs(L,. '")=Vj*(Io*(EXP(Vj*E_nkt)-l))*1000 
! Power in Gi, mW 
Ansrs(L, 2)=(15^2*Rs)*1000 ! POWER in Rs mW's 
Ansrs(L, 2)=(15^2*Rs+Vj*(Io*(EXP(Vj*E_nkt)-l)))*1000 
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660 ! Power in Gi + Rs 
670 Ansrs(L, 2)=Vj ! Junction Voltage, volts 
680 Ansrs(L92)=I5*1000 ! Current through Rs, mA 
690 Ansrs(L, 2)=(I2+I3)*1000 ! Bypass + loop current mA 
700 Ansrs(L, 2)=(15-Io*(EXP(Vj*E_nkt)-l))*1000 
710 ! Current in Cj+C_over, mA 
720 Ansrs(L, 2)=Vj*(I5-(Io*(EXP(Vj*E_pkt)-I)))*1000 
730 ! (Cj+C-over) POWER, mW 
740 Ansr-s(L, 2)=Io*(EXP(Vj*E_nkt)-I)*1000 
750 ! Conductance Gi Current 
760 Ansrs(L, 2)=Rs ! Total Series Resistance 
770 ---------------------------------------------------------------- 
780 DRAW Ansrs(L, I), Ansrs(L, 2) ! DRAW Instantaneous value 
790 PRINT Ansrs(L, 1), Ansrs(L, 2) ! PRINT inst'eous value 
Boo ---------------------------------------------------------------- 
810 
820 ---------- BELOW CALCULATES MIDPOINT OF PEAK-TO-PEAK ------------ 
830 Mean(3)=Mean(2) ! PRE-PRE-LATEST 
E340 Mean(2)=Mean(l) ! PRE-LATEST 
1350 Mean(l)=Ansrs(L, 2) ! LATEST INST*EOUS VALUE 
860 
1370 --------- - 
E380 IF Mean(2)>Mean(3) AND Mean(l)<Mean(2) THEN DETECTS 
890 M=M+1 
900 Max=Mean(2) 
910 Mid_pt(M, 2)=Ansrs(L, l) 
920 Mid_pt(M, 3)=Min+(Max-Min)/2 A 
930 PRINT DROUND(Mid_pt(M, 3)*1000,3); "mV" 
940 MOVE Mid_pt(M, 2), Mid_pt(M, 3) 
950 DRAW Mid_pt(M, 2), Mid_pt(M, 3) ! MID POINT DOT 
960 MOVE Ansrs(Lgl), Ansrs(L, 2) 
970 END IF ! MAXIMUM 
980 ! --------- 
990 IF Mean(2)<Mean(3) AND Mean(l)>Mean(2) THEN ! DETECTS 
1000 M=M+1 
1010 Min=Mean(2) 
1020 Mid_pt(M. 2)=Ansrs(L, I) 
1030 Mid_pt(M, 3)=Min+(Max-Min)/2 
1040 PRINT DROUND(Mid_pt(M, 3)*1000,3); "mV" A 
1050 MOVE Ansrs(L, 1), Min+(Max-Min)/2 
1060 DRAW Ansrs(L, I), Min+(Max-Min)/2 ! MID POINT DOT! 
1070 MOVE Ansrs(Lj1), Ansrs(Lq2) 
1080 END IF 
1090 Mlast=M ! MINIMUM 
1100 ------------------------------------------------------ ! --------- 
1110 NEXT N 
1120 Last=L ! LAST L VALUE IN Ansrs( 
1130 MOVE 0,0 
1140 ! ---------------- PLOT & JOIN MID-POINTS ON CRT ----------------- 
1150 FOR M=O TO Mlast STEP 1 
1160 DRAW Mid_pt(M, 2), Mid_pt(MIZ) JOIN MID POINT DOTS 
1170 NEXT M 
1190 ! ---------------------------------------------------------------- 
1190 ! -------------------- IDENTIFY EACH PLOT ------------------------ 
1200 GOTO 1240 
1210 CSIZE 2,. 5 
1220 LABEL "V="; DROUND(Mid_pt(M-I,, 3). 13)*1000; "mV"; " Rbyp="; Rbyp 
1230 CSIZE 3,. 5 
1240 ! --------------------- HARD COPY FOLLOWS ------------------------ 
1250 GRAPHICS OFF 
1260 GINIT 
1270 DEEP 
1280 DISP "DO YOU REQUIRE ANOTHER GRATICULE PLOT? Y/N"j, 
1290 INPUT Grat* 
1300 GINIT 
1310 PLOTTER IS 705, "HPGL" 
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IZS20 IF Grat$="Y" THEN 1350 
1330 IF Grat*="N" THEN 1390 
1340 GOTO 1280 
1350 GOSUB Draw_grat 
1360 VIEWPORT 27y133,14,94 !! 26 
1370 WINDOW 0, Cycles*2*Pl, -40,160 
13eo GRAPHICS ON 
1390 ! --------------------------------------- 
1400 CSIZE 29.5 
1410 MOVE 6.9*2*PI9.3 LABELLING 
1420! LABEL "16" 
1430! MOVE 7.6*2*PI,. 4 
1440! LABEL "32" OPTION 
1450 CSIZE 39.5 
1460 ! --------------------------------------- 
1470 MOVE 090 
1480 LINE TYPE 8 
1490 FOR L=O TO Last STEP 1 
1500 DRAW Ansrs(L, I), Ansrs(L, 2) DRAW Instantaneous valuEz 
1510 NEXT L 
1520 MOVE 090 
1530 LINE TYPE 1 
1540 FOR M=O TO Mlast STEP 1 
1550! DRAW Mid_pt(M92), Mid_pt(M, 3) DRAWS MID-POINTS 
1560 NEXT M 
1570 PENUP 
1580 DISP "REPEAT THIS PLOT? Y/N" 
1590 INPUT Repeat$ 
1600 IF Repeat$="Y" THEN 1270 
1610 IF Repeat$="N" THEN 1710 
1620 GOTO 1580 
1630 ! -------------------- IDENTIFY EACH PLOT ----------------- ------- 
1640 GOTO 1710 
1650 CSIZE 29.5 
1660 pt(M-1,3)1,3)*1000; "rnV"; " Rbyp="; Rbyp LABEL "V="; DROUND(Mid 
1670 _ CSIZE 3,. 5 
1680 ! --------------------------------------------------------- ------- 
1690 PLOTTER IS 3ý111INTERNAL" 
1700 GOTO 4490 
1710 ! ----------------- CALCS NEXT Vi, i. e. Vj_pplusl --------- ------- 
1720 Eval_pext-vj:! 
1730 12=12 n 
1740 Vl=Vl_jn 
1750 I3=I3-n 
1760 V4=V4_n 
1770 15=I5_n 
1780 vj=vj-p 
1790 ! ------------------------------------------- 
1800 Dep_w=. 80807*SQR(. 6-Vj)*I. E-6 ADDS 
1810 IF Dep_! A>Epi THEN 
1820 Rs=Rsub EPITAXY 
1830 ELSE 
11340 ")*. 006/PI/(DI/2)^2 Rs=Rsub+(Epi-Dep RES'TNC 
1850 _.. END IF 
1860 IF Rs=3Cl- THEN 1920 FOR 
1870 PRINTER IS 701 
1880 PRINT "Rs="; DROUND(Rs, 3)9 vi >= 
IE390 PRINT "Vj="; DROUND(Vj, 3)-j 
1900 PRINTER IS 1 0.5042V 
1910 ! ------------------------------------------- 
1920 C- vj=Co/(l-Vi/Phi)^In+C_over 
1930 
1940 CJ2 
- v4=(I/Lbyp)*(Vt*SIN(Om*Time)) 
d12/dt 
1950 C- i2-v4=C-i2-v4+(l/Lbyp)*(-I2*Rbyp-V4) dl2/dt 
1960 
1970 D-i3=(I/Cl)*(13) dVl/dt 
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1980 
1990 IF X tx>O THEN 
2000 E-i3 
- V1 - v4=(I/Ltx)*(Vt*SIN(Om*Time)) 
dI3/dt 
2010 E-i3 
- V1 - v4=E - 
i3 
- V1 - v4-(l/Ltx)*I3*(RI+Rtx)! 
dI3/dt 
2020 E_i3_yl_y4=E_i3_yl_v4+(l/Ltx)*(-VI-V4) ! dI3/dt 
2030 ELSE 
2040 Gt=l/(Rl+Rtx) ! TOT G 
2050 E i3 vl v4=Gt*Om*Vt*COS(Om*Time) ! dI3/dt 
2060 ciý--ctx+Cl+Cp 
2070 E- i3 
- V1 - v4=E_i3-vl-v4-Gt*I3*(l/(Ct)) 
! dI3/dt 
20130 E_i3_yl_v4=E_i3_vl_v4+Gt*(-(I2-I5)/Cp) ! dI3/dt 
2090 END IF 
2100 
2110 F_i2_i3_i5=(l/Cp)*(I2+I3-I5) ! dV4/dt 
2120 
2130 G-v4-i5-vj=(l/Lp)*(V4-I5*Rs-Vi) ! d15/dt 
2140 
2150 H_i5_vj=(I/C_vj)*(I5-Io*(EXP(Vj*E_nkt)-l)) ! dVj/dt 
2160 
2170 Iln new=H*C i2 v4 ! (1 12 
2180 new=H*D-ý3 Jln !W vi 
2190 _ new=H*E-i3-vl-v4 Kin ! (K 13 
2200 new=H*F-i2-i3-i5 - Lin ! (L V4 
2210 new=H*G-v4_i5_vj - Min ! (M 15 
2220 - Nln 
- new=H*H - 
i5 
- vi 
! (N Vi 
2230! ---------- ------------------------------------------------------- 
2240 Time=Time+H/2 
2250 12=I2+Iln_new/2 
2260 Vl=Vl+Jln new/2 
2270 I3=I3+Kln_new/2 
2280 V4=V4+Lln new/2 
2290 15=I5+Mln_new/2 
2300 Vj=Vj+Nln_new/2 
2310 6 C-vj=Co/(l-Vi/Phi)"In+C-over 
2320 
2330 v4=(I/Lbyp)*(Vt*SIN(Om*Time)) i2 C d12/dt 
2340 C_i2-v4=C_i2_v4+(l/Lbyp)*(-12*Rbyp-V4) - - ! d12/dt 
2350 
2360 D-i3=(l/Cl)*(I3) ! dVl/dt 
2370 
2380 IF X tx>O THEN 
2390 EJ3 
- vi - v4=(l/Ltx)*(Vt*SIN(Om*Time)) 
! dI3/dt 
2400 EJ3 
- vi - v4=E 
i3 
- vl - v4-(l/Ltx)*I3*(Rl+Rtx 
)! dI3/dt 
2410 E_i3_yl_y4=E7i3 vl v4+(l/Ltx)*(-VI-V4) ! dI3/dt 
2420 ELSE 
2430 Gt=l/(Rl+Rtx) ! TOT G 
2440 E- i3 
- yl v4=Gt*om*Vt*COS(Om*Time) 
! dI3/dt 
2450 Ct=Ctx+Ei+cp 
2460 E- i3 
- vi - v4=E 
i3 vl - v4-Gt*I3*(l/(Ct)) 
! dI3/dt 
2470 E_i3 vl_y4=Ci3 vl v4+Gt*(-(I2-I5)/Cp) ! dI3/dt 
2480 END IF 
2490 
2500 F_i2_i3_i5=(l/Cp)*(I2+I3-I5) ! dV4/dt 
2510 
2520 G_v4_i5_vj=(l/Lp)*(V4-I5*Rs-VJ) d15/dt 
2530 
2540 H_i5_vj=(l/C_vj)*(I5-Io*(EXP(Vj*E_nkt)-I)) dVj/dt 
2550 
2560 12n new=H*C-i2 - v4 
! (1 12 
2570 J2n new=H*D i3 - !W vi 
2580 K2n ew=H*E i3_yl_y4 ! (K 13 
2590 L2n new=H*F i2 - 
i3 i5 ! (L V4 
2600 y4__i. 5_yj pew=H*G M2n 
! (m 15 
2610 _ _ N2n_new=H*H_i5_vj ! (N Vj 
2620! ---------- --------------------------------------------- ---------- 
263o Time=Time 
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2640 12=I2+I2n new/2 
2650 Vl=VI+J2n new/2 
2660 I3-I3+K2n new/2 
2670 V4=V4+L2n new/2 
2680 15=I5+M2n new/2 
2690 _ Vj=Vj+N'61. n new/2 
270o _ 
2710 C-vj=Co/(l-Vj/Phi)', In+C-over 
2720 
2730 C- i2 
- v4=(I/Lbyp)*(Vt*SIN(Dm*Time)) 
! dl2/dt 
2740 C_i2 v4+(l/Lbyp)*(-12*Rbyp-V4) v4=C i2 ! dl2/dt 
2750 _ _ _ 
2760 D i3= (1/Cl) * M) ! dVl/dt 
2770 - 
2780 IF X tx>O THEN 
2790 i3-vl v4=(I/Ltx)*(Vt*SIN(Om*Time)) E ! dI3/dt 
2800 _ i3-vl-v4=E i3 yl v4-(l/Ltx)*I3*(Rl+Rtx E - - - 
)! dI3/dt 
2810 _ v4+(l/Ltx)*(-VI-V4) vl E i3-vl-v4=E i3 ! dI3/dt 
2820 _ ELSE 
2830 Gt=l/(Rl+Rtx) ! TOT G 
2840 E i3 vl v4=Gt*Om*Vt*CDS(Dm*Time) ! dl3/dt 
2850 ct=c: &+El+cp 21360 E i3 vl v4=E i3 vl v4-Gt*I3*(I/(Ct)) - - - - - - ! dI3/dt 2870 v4+Gt*(-(I2-I5)/Cp) vl i3 y4=E E i3 yl ! dI3/dt 
28130 END IF 
2890 
2900 i3_i5=(l/Cp)*(I2+I3-I5) F i2 ! dV4/dt 
291o _ _ 
2920 v4_i5_yj=(I/Lp)*(V4-I5*Rs-Vi) G ! d15/dt 
2930 _ 
2940 vj=(I/C_vj)*(15-lo*(EXP(Vj*E-nkt)-I)) i5 H ! dVj/dt 
2950 _ - 
2960 I3n new=H*C-i2 v4 - 
! (1 12 
2970 J3n-new=H*D_i3 
- 
! (i vi 
298o new=H*E_i3_vl_v4 K3n - 
! (K 13 
2990 new=H*F_i2_i3_i5 L3n ! (L V4 
3000 M3n-new=H*G-v4_i5_vj ! (M 15 
3010 N3n new=H*H_i5_vj - 
! (N Vj 
--------------------------------------- 3020! ---------------- ---------- 
3030 Time=Time+H/2 
3040 12=12+I3n new - 3050 new VI=Vl+JZn - 3060 new 13=I3+K3n - 3070 new V4=V4+L3n - 3080 new 15=15+M3n - 3090 new' Vj=Vj+M3n 
3100 
3110 vj=Co/(I-Vj/Phi)^In+C-over C 
: 3120 - 
3130 C_i2_y4=(I/Lbyp)*(Vt*SIN(Dm*Time)) ! d12/dt 
3140 C_i2_v4=C_i2_v4+(l/Lbyp)*(-I2*Rbyp-V4) ! d12/dt 
3150 
3160 D-i3=(I/Cl)'*(I3) ! dVl/dt 
3170 
3180 IF X tx>O THEN 
3190 E- i3 
- V1 - v4=(I/Ltx)*(Vt*SIN(Gm*Time)) 
! dI3/dt 
3200 E-13 
- V1 - v4=E - 
i3 
- V1 - 
v4-(I/Ltx)*I3*(RI+Rtx )! dI3/dt 
3210 E_i3 
- V1 - v4=E_i3_vl_v4+(I/Ltx)*(-VI-V4) 
dI3/dt 
32120 ELSE 
32: 30 Gt=l/(RI+Rtx) TOT G 
3240 E i3 vi v4=Gt*Dm*Vt*CDS(Dm*Time) dI3/dt 
3250 C: E=C&+El+cp 3260 E- i3 
- vi - v4=E_i3_vl-v4-Gt*IZ*(I/(Ct)) dl3/dt 3270 E_i3-yl_v4=E_i3_vl_v4+Gt*(-(I2-I5)/Cp) dI3/dt 
3280 END IF 
3290 
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3300 F_i2_i3_i5=(l/Cp)*(I2+13-15) ! dV4/dt 
3310 
3320 G-v4_i5_vj=(l/Lp)*(V4-I5*Rs-Vi) ! dl5/dt 
3330 
3340 H_i5_vj=(I/C_vj)*(I5-Io*(EXP(Vj*E_nkt)-l)) ! dVj/dt 
3350 
3360 14n 
- new=H*C 
i2 
- v4 
! (1 12 
3370 J4n ew=H*D 13 ! (J V1 -P ý1 3390 K4n new=H*E i3 V1 v4 ! (K 13 
3390 L4n 
- new=H*F - 12 
i; 5 15 ! (L V4 
3400 M4n_pew=H*G_y4_i5_yj ! (M 15 
3410 N4n_new=H*H_i5_vj ! (N Vi 
3420! ----------------------------------------------------------------- 
3430 1 2_pp I us I=I 2_n+ 1 /6* (11 n_new+2* I 2n_new+2* 13n_new+ I 4n--Pew) 
3440 12__p=I2_nplusl IN PREPARATION FOR NEXT LOOPING 
3450 
3460 VI 
-Pp 
I us I =V I -n+ 
1 /6* (J 1 n-new+2*J2n-new+2*J3n-new+J4n-new) 
3470 Vl_p=Vl-nplusi IN PREPARATION FOR NEXT LOOPING 
34BO 
3490 1 3-Pp I us I=I 3-n+ 1 /6* (K I n-new+2*K2n-new+2*K3n-new+K4n-new) 
3500 I3. 
_p=I3-nplusl 
IN PREPARATION FOR NEXT LOOPING 
3510 
3520 V4_pplusl=V4_n+1/6*(Lln_new+2*L2n_new+2*L3n_new+L4n_new) 
3530 V4_n=V4_nplusl IN PREPARATION FOR NEXT LOOPING 
3540 1 
3550 15 
- np 
I us I=I S_n+ 1 /6* (M 1 n__pew-#-. '-1*M2nnew+2*M3n - new+M4n-ne&v, ) 3560 I5-. P=I5 nplusl I IN PREPARATION FOR NEXT LOOPING 
3570 
3580 vj_pplusl=Vj_p+1/6*(Nln_pew+2*N2n - new+2*NZn 
new+N4n new 
3590 Vj_p=Vj__pplusl IN PREPARATION FOR NEXT LOOPING 
3600 
3610 RETURN 
3620! ----------------------------------------------------------------- 
3630! ----------------- BELOW DRAWS AXES & TITLES --------------------- 
3640 Draw_grat: ! 
3650 Grat$="YES" 
3660 GRAPHICS ON 
3670 CSIZE 31.5 
3680 IF Grat$="NO" THEN 4030 DISABLES LABELLING 
3690 MOVE 21.5,35 
3700 LDIR (PI/2) 
3710 LABEL "Voltage across load resistor Rbyp, volts" 
3720 LD IR (0) 
3730 Y-label=-O 
3740 FOR Y axis=12.5+1*15.90 TO 95 STEP 15-90 
3750 MOVE iO. 3, Y 
- axis 
! 22 
3760 IF ABS(Y 
- 
label)<. 01 THEN Y_Iabel=O 
3770 LABEL Y_label 
3780 Y label=Y label+40 
3790 NEXT Y ax, ]: Ls 
3800 MOVE 28,9 
3810 LABEL "Fig 6.25c Illustration of the effect of Rbyp"; 
3820 LABEL "value on d. c. voltage" 
3830 MOVE 28,5 
3840 LABEL "across load resistor Rbyp for Increased 11; 
51350 LABEL "Coupling, for Len3=1.5 mm. " 
3860 MOVE 49,21 ' 
3870 LABEL "PROGRAM Name: RNGTXLOPdc 23rd JUNE, 19881, 
3880 MOVE 51,17 
31390 LABEL "Coupling Factor="; Coupl; "dB"; 
3900 LABEL " Cycles="; Cycles 
3910 MOVE 38,13 
3920 IF X- tx>O THEN 
3930 LABEL "Rtx="; Rtx; "R"; 
3931 LABEL Ltx="; DROUND(Ltx*l. E+992); "nH"; 
3940 ELSE 
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3950 LABEL "Rtx="; Rtx; "R"; 
3951 LA BEL Ctx="; D ROUND(Ctx *l. E+15,2); "-fF"; 
3960 EN D IF 
3970 LABEL "C- over="; C - over*1. 
E +15; "f F"; 
3980 LABEL " Lbyp="; DRO UND(Lbyp* 2); "nH" I. E+9 
3990 VIEWP ORT 27,133,1499 4 
, 
4000 WINDO W 0, Cycles*2*PI , -40,160 4010 IF Grat$="NO" THE N 4100 
4020 AXES 2*2*PI940,0,0 
4030 MOVE 0, -. 9 
4040 LINE TYPE 8 
4050 MOVE 0,0 
4060 LINE TYPE 8 
4070 FOR X =O TO (Cycles*2 +. l)*PI S TEP PI/20 
4080 DRAW XgVt*SIN(X) DISABLES SINE OVERLAY 
4090 NEXT X 
4100 LINE TYPE 1 
4110 MOVE 0,0 
4120 RETURN 
4130 ! 
4140 ! ------------- SUB-ROUTINE TO SO FT KEY IN CREMENT 'H --------------- 
4150 H dec:! S OFT KEY H INCREMENTING 
4160 _ H=H/1.5 
4170 RETURN 
4180 inc:! H S OFT KEY H INCREMENTING 
4190 _ H=H*1.5 
4200 RETURN 
4210 ------------------------------ --------- ------------------------- 
4220 
4230 DATA 0.6 ! Phi (Barrier Height) 
4240 DATA 5E-15 ! Co (Ci @ Vj=0 
4250 DATA 50E-15 !C- over (Overlay Capacitance) 
4260 DATA 2E-6 ! D1 (Junction Dia) 
4270 DATA . 25E-6 ! Epi (Epi Layer Thickness) 4280 DATA .1 ! Pin (Source Power, Watts) 4290 DATA -15.5 ! Coupl (. 1dB Ant Couple Factor) 
4300 DATA -12.5 ! Coupl (. 2dB Ant Couple Factor) 
4310 DATA -10.83 ! Coupl (. 3dB Ant Couple Factor) 
4320 DATA 32 ! Rsub (Substrate Resistance) 
4330 DATA 1.585E-10 ! I0 (Saturation Current) 
4340 DATA 37.65 !E- nkT (q/nkT 
4350 DATA -SE-13 !H (time increment) 
4360 DATA 0.23E-9 !. 23 ! Lp (Package Inductance) 
4370 DATA 35 ! F(GHz) (Source Frequency) 
4380 DATA 33E-15 ! CP (Package Capacitance) 
4390 DATA 58.1,41.26 ! Rtx, Xtx (ZinZone3,0.5 mm. ) 
4400 DATA 80.0,102.7 ! Rtx, Xtx (ZinZone3,1.0 mm. ) 
4410 DATA 150.69180.31 ! Rtx, Xtx (ZinZone3,1.5 mm. ) 
4420 DATA 378.89188.0 ! Rtx, Xtx (ZinZone3,2.0 mm. ) 
4430 DATA 391.6, -180.1 ! Rtx, Xtx (ZinZone3,2.5 mm. ) 
4440 DATA 155.69-183.6 ! Rtx, Xtx (ZinZone3,3.0 mm. ) 
4450 DATA 7.29 ! Rloop (Antenna Resistance) 
4460 DATA 106 !X- Cloop (Antenna Reactance) 
4470 DATA 40E-9 ! Lbyp (d. c. bypass Inductor) 
4480 DATA 100 ! Rbyp (d. c. bypass Resistor) 
4490 END 
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